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ABSTRACT 
The long-lived fission product 126Sn (105 years) (Weast (1972)) is of substantial interest in 
the context of nuclear waste disposal in deep underground repositories. However, the 
prevalent redox state, the aqueous speciation as well as the reactions at the mineral-water 
interface under the expected anoxic conditions are a matter of debate. Therefore, in this PhD 
thesis I present work on the reactions of SnII with three Fe-bearing minerals as a function of 
pH, time, and SnII loading under anoxic condition with O2 level < 2 ppmv. The first mineral, 
goethite, contains only trivalent Fe (FeIIIOOH), the second, magnetite, contains both FeII and 
FeIII ( 4
III
2
II OFeFe ), and the third, mackinawite (FeIIS), contains only divalent Fe.   
The uptake behavior of the three mineral surfaces was investigated by batch sorption studies. 
Tin redox state was investigated by Sn-K X-ray absorption near-edge structure (XANES) 
spectroscopy, and the local, molecular structure of the expected Sn surface complexes and 
precipitates was studied by extended X-ray absorption fine-structure (EXAFS) spectroscopy. 
Selected samples were also investigated by transmission electron microscopy (TEM) to 
elucidate the existence and nature of secondary, Fe- and /or Sn containing solids, and by 
Mössbauer spectroscopy to study FeII and FeIII in the minerals. Based on the such-obtained 
molecular-level information, surface complexation models (SCM) were fitted to the batch 
sorption data to derive surface complexation constants. 
In the presence of the FeIII-bearing minerals magnetite and goethite, I observed a rapid uptake 
and oxidation of SnII to SnIV. The local structure determined by EXAFS showed two Sn-Fe 
distances of about 3.15 and 3.60 Å in line with edge and corner sharing arrangements 
between octahedrally coordinated SnIV and the Fe(O,OH)6 octahedra at the magnetite and 
goethite surfaces. While the respective coordination numbers suggested formation of 
tetradentate inner-sphere complexes between pH 3 and 9 for magnetite, bidentate inner-
sphere complexes (single edge-sharing (1E) and corner-sharing (2C)) prevail at the goethite 
surface at pH > 3, with the relative amount of 2C increasing with Sn loading.  
The interfacial electron transfer between sorbed SnII and structural FeIII potentially leads to 
dissolution of FeII and transformation to secondary FeII/FeIII oxide minerals. There is no clear 
evidence to confirm the reductive dissolution in the Sn/ magnetite system, Rietveld 
refinement of XRD patterns, however, indicates an increase of FeII/FeIII ratio in the magnetite 
structure. For the Sn/goethite system, dissolved FeII increased with SnII loading at the lowest 
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pH investigated, indicative of reductive dissolution. At pH >5, spherical and cubic particles 
of magnetite were observed by TEM, and their number increased with SnII loading. Based on 
previous finding, this secondary mineral transformation of goethite should proceed via 
dissolution and recrystallization.  
The molecular structure and oxidation state of sorbed Sn were then used to fit the batch 
sorption data of magnetite and goethite with SCM. The sorption data on magnetite were fit 
with the diffuse double layer model (DLM) employing two different complexes, the first 
-2
2
IV
4 (OH)Sn(Mag_sO)  (
-2
2,0K Log  = -14.97±0.35) prevailing from pH 2 to 9, and the second 
Fe(OH)Sn(Mag_sO) 2
IV
4  (
0
2,1K Log  = -17.72±0.50), which forms at pH > 9 by co-adsorption 
of FeII, thereby increasing sorption at this high pH. The sorption data on goethite were fitted 
with the charge distribution–multisite complexation model (CD-MUSIC). Based on the 
EXAFS-derived presence of two different bidentate inner-sphere complexes 
((≡FeOH)(≡Fe3O)Sn(OH)3 (
1E) and (≡FeOH)2Sn(OH)3) (
2C)), sorption affinity constants of 
15.5 ±1.4 for the 1E complex and of 19.2 ±0.6 for the 2C complex were obtained. The model 
is not only able to predict sorption across the observed pH range, but also the transition from 
a roughly 50/50 distribution of the two complexes at 12.5 µmol/g Sn loading, to the 
prevalence of the 2C complex at higher loading, in line with the EXAFS data.  
The retention mechanism of SnII by mackinawite is significantly dependent on the solution 
pH, reflecting the transient changes of the mackinawite surface in the sorption process. At pH 
<7, SnII is retained in its original oxidation state. It forms a surface complex, which is 
characterized by two short (2.38 Å) Sn-S bonds, which can be interpreted as the bonds 
towards the S-terminated surface of mackinawite, and two longer Sn-S bonds (2.59 Å), which 
point most likely towards the solution phase, completing the tetragonal SnS4 innersphere 
sorption complex. Precipitation of SnS or formation of a solid solution with mackinawite 
could be excluded. At pH > 9, SnII is completely oxidized by an FeII/FeIII (hydr)oxide, most 
likely green rust, forming on the surface of mackinawite. Six O atoms at 2.04 Å and 6 Fe 
atoms at 3.29 Å demonstrate a structural incorporation by green rust, where SnIV substitutes 
for Fe in the crystal structure. The transition between SnII and SnIV and between sulfur and 
oxygen coordination takes place between pH 7 and 8, in accordance with the transition from 
the mackinawite stability field to more oxidized Fe-bearing minerals. The uptake processes of 
SnII by mackinawite are largely in line with the uptake processes of divalent cations of other 
soft Lewis-acid metals like Cd, Hg and Pb. 
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Very different Sn retention mechanisms were hence active, including oxidation to SnIV and 
formation of tetradentate and bidentate surface complexes of the SnIV hydroxo moieties on 
goethite and magnetite, and in the case of mackinawite a SnII sulfide species forming a 
bidentate surface complex at low pH, and structural incorporation of SnIV by an oxidation 
product, green rust, at high pH. In all three mineral systems and largely independent on the 
retention mechanisms, inorganic SnII was strongly retained, with Rd values always exceeding 
5, across the relatively wide pH range relevant for the near and far-field of nuclear waste 
respositories. For the goethite and magnetite systems, the retention could be well modeled 
with surface complexation models based on the molecular structural data. This is an 
important contribution to the safety case for future nuclear waste repositories, since such 
SCMs provide reliable means for predicting the radioactive dose released by 126Sn from 
nuclear waste into the biosphere across a wide range of physicochemical conditions typical 
for the engineered as well as natural barriers. 
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CHAPTER I 
INTRODUCTION 
 
1.1. Motivation, Objectives, and Hypotheses 
126Sn is a long-lived isotope produced from fission, with a half-life of 105 years (Weast, 
1972). In the context of nuclear waste disposal, in order to control the transport of Sn in 
groundwater, it is of great theoretical and practical importance to understand its geochemical 
behaviour, e.g. hydrolysis, precipitation/dissolution, redox reaction, colloid formation, 
migration, surface formation by for example the corrosion products of radioactive waste 
container (steel canister) which might cause the transport barrier of Sn to the environment 
(performance assessment of radioactive waste disposal).  
Among the three relevant oxidation states, SnII is soluble at concentrations < 10-6 M, whereas 
Sn0 and SnIV prevail as poorly soluble solid phases. Numerous experiments have established 
that SnII can be easily hydrolyzed from pH <2 or even in the most dilute SnII solution as 
hydroxyl-SnII complex ( SnOH ) (Cigala et al., 2012; Garrett and Heiks, 1941; Gorman, 
1939; Pettine et al., 1981; Séby et al., 2001; Tobias, 1958; Vanderzee and Rhodes, 1952), 
while in high SnII concentration the polynuclear complexes of 222 (OH)Sn , 

32 (OH)Sn , and 
2
43(OH)Sn exist at nearly precipitation point (pH>1).
 The formation of 2Sn(OH)  and 
-
3Sn(OH) were further proposed above pH 4 and 8, respectively, in very dilute Sn
II solution 
(Cigala et al., 2012; Pettine et al., 1981). Note that the stepwise hydrolysis of SnII oxide 
complex at pH 2 to 12 is 2Sn , SnOH , 02Sn(OH) , and 

3Sn(OH)
 (Pettine et al., 1981). 
Information on the hydrolysis of SnIV is less certain due to the lower solubility. The complete 
hydrolysis series should consist of 4Sn , 3SnOH , 22Sn(OH) , 

3Sn(OH) , 
0
4Sn(OH) , 

5Sn(OH)
, and 26Sn(OH)
 (Baes and Mesmer, 1976); however, there is a large discrepancy between 
different databases with respect to included species and their pH-dependent hydrolysis 
constants (Takeno, 2005). The aquo complexes of SnII and SnIV have been studied by EXAFS 
(Bonhoure et al., 2003; Yamaguchi et al., 1982). It provides the evidence that 3-4 water 
molecules are strongly bonded to SnII ion at a distance of 2.22 Å, while 6 coordination of 
oxygen atoms at shorter distance of 2.06 Å has been demonstrated (Bonhoure et al., 2003).  
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Only few studies exist on the sorption of SnII and SnIV to minerals. Bradbury and Baeyens 
(2009) found a strong sorption (log Rd >5) of SnIV to illite in the pH range 3 to 10 similar to 
that of ThIV, and could obtain good fit of the data based on surface complexation of the tri-, 
tetra-, penta-, and hexa-hydroxo complexes up to pH 13. Bonhoure et al. (2003) investigated 
uptake of SnIV by cement phases employing EXAFS spectroscopy, demonstrating the 
transition from surface complexation to precipitation at Sn >10-6 M at the high pH typical for 
cement systems. Although the solubility of SnII is much higher than that of SnIV in the 
circumneutral pH-range, sorption mechanisms of this divalent species on minerals such as 
clays, Mn, and Fe oxides remain also elusive because of the complex SnII hydrolysis and its 
easy oxidation (Séby et al., 2001).  
In this study, the minerals were selected on the basis of the purposes of study and their 
abundance on Earth. Magnetite has been found as a common mineral in soils and sediments, 
formed by a range of microbial reactions or inherited from the parent rock (Roh et al., 2003). 
It has also been identified as a corrosion product, when carbon steel canisters used for the 
disposal of radioactive waste corrode under low oxygen content and elevated temperatures 
(Grambow et al., 1996). To study the redox reaction of SnII, nanoparticulate magnetite           
( 4
III
2
II OFeFe ) is an excellent candidate due to a mixed valence of FeII and FeIII in lattice 
structure which is found to reduce SeIV, SbV, UVI, PuV and other contaminants (Huber et al., 
2012; Kirsch et al., 2011; Kirsch et al., 2008; Scheinost and Charlet, 2008). For Sn, the 
situation is less clear, considering the uncertain redox potentials of Sn, as well as the 
difficulty to account for the different Fe species present in such systems, including magnetite 
of potentially varying stoichiometry (Gorski et al., 2010). However, SnII is known to be a 
strong reducing agent in comparable systems, hence the hypothesis is that SnII will reduce 
FeIII in magnetite to FeII, while being oxidized to SnIV (Kobayashi et al., 2013). To confirm 
this, the surface reaction of SnII at goethite, α-FeIIIOOH, which also widely spreads in natural 
media and is found as steel canister corrosion product, will be examined. Also, the hypothesis 
is that SnII will be oxidized by FeIII in goethite to FeII via electron transfer, the extra electron 
in lattice structure might lead to reductive dissolution of Fe (Handler et al., 2009), which 
might eventually reprecipitate/recrystallize as a secondary mineral on the surface of a primary 
mineral (Hansel et al., 2005; Pedersen et al., 2005; Tamaura et al., 1983). Therefore, to 
unravel this complex process, several experimental techniques, such as X-ray absorption 
spectroscopy and High Resolution-TEM, will be employed. 
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In literature, the effect of groundwater components on the mobility of Sn has not been 
discussed. Groundwater contains a low concentration of sulfide and iron, but interestingly 
they can effectively play a key role in the reduction of UVI to UIV. To understand the fate and 
transport of Sn in anoxic sulphate-reducing condition like on the surface of iron sulfide 
sediments which were not found elsewhere, this work, therefore, also deals with the sorption 
behaviour of SnII on synthetic mackinawite.  
The intention of this work was (1) to study the sorption and potential oxidation of SnII to SnIV 
by selected mineral surfaces as a function of pH, time, and SnII loading, (2) to elucidate the 
oxidation state and structure of the surface complex(es) by Sn−K edge X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine-structure (EXAFS) 
spectroscopies, respectively, and (3) to derive surface complexation constants by applying a 
diffuse double layer model (DLM) and charge distribution–multisite complexation model 
(CD-MUSIC) coupled to the redox reaction. 
 
1.2. Thesis Outline 
Sorption of SnII,IV on minerals is the important content in this study. To understand sorption 
behavior of Sn on mineral surfaces, SnII,IV chemistry and preparation and surface properties 
of selected minerals reported in previous studies will be reviewed and reiterated in chapter I 
in theoretical background and literature review. Moreover, the concept of surface 
complexation modeling used as a tool for interpretation on the sorption behavior of metal 
ions on selected minerals will be included.  
Chapter II presents the experimental methods. Since the minerals used in this work were 
experimentally prepared in the laboratory, before using in sorption experiments their 
(surface) properties were determined by several techniques, i.e. X-ray Diffraction (XRD), 
Mössbauer Spectroscopy (MS), Transmission Electron Microscopy (TEM), Scanning 
Electron Microscopy (SEM), BET surface area analysis, zeta potentiometry. In the sorption 
samples, based on the hypotheses previously mentioned, Sn may experience sorption, 
oxidation-reduction, surface complexation, and precipitation, and may affect the reductive 
dissolution and phase transformation of minerals. The local structure of Sn surface complex 
and Sn oxidation state were elucidated by X-ray absorption spectroscopy (XAS). To confirm 
a reductive dissolution, dissolved FeII in supernatant was detected by visible 
spectrophotometry using the Ferrozine reagent. For a potential of recrystallization or phase 
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transformation of Fe oxide after the reaction with SnII, this was explored by using Rietveld 
refinement and High Resolution Transmission Electron Microscopy (HRTEM) in 
combination with Selected Area Electron Diffraction (SAED). Moreover, in order to justify 
that redox reaction of SnII occurs at the interface, determination of dissolved SnII remaining 
in supernatant by Voltammetry was carried out. To develop the sorption model of SnII, 
surface complexation modeling (SCM) was implemented based on the surface structures 
derived from EXAFS data. This chapter contains not only the experimental techniques, but 
also synthesis and characteristic results of selected minerals, sorption experiments, and 
reference sample preparations.  
Chapter III, IV, and V investigate the surface complexation and oxidation of SnII by nano-
magnetite, goethite, and mackinawite, respectively. Some short explanations of the 
measurements used in each sorption system as well as an abstract and introduction are 
repeatedly included. Each chapter contains also supplemental information referred. Finally, 
conclusions are given in chapter VI. 
 
1.3. Theoretical Background and Literature Review 
1.3.1. Chemistry of Tin (Sn) 
Sn in Aqueous Solution 
According to the most active reducing SnII chloro complex of SnIICl3
- or SnII(Cl3H2O)
- 
(Haight et al., 1962), the nature of SnII chloro complexes are attracting widespread interest by 
several researchers. In HCl solution, SnII rapidly and quantitatively reduces MoVI to MoIV, V, 
III which depends on the HCl concentration and the ratio of MoVI/SnII (Bergh and Haight, 
1962). This is the best shown in the fact that SnII species in solution act as a strong reducing 
agent. Nevertheless, SnII/SnIV redox equilibrium found in literature is currently contradictory. 
The redox equilibrium and its constant proposed by Hummel et al. (2002) and Bard et al. 
(1985) are shown as follows: 
Sn2+ + 4H2O = Sn(OH)4 (aq.) + 4H
+ + 2e- ; log10K° = -8.4   (1-1). 
Sn(OH)2 + 4H2O = 
-2
6Sn(OH)  + 2e
- + 4H+    ; log10K° = -19.2  (1-2). 
Influences of chloride concentration and temperature on the formation of tin chloro 
complexes were examined in Müller and Seward (2001) and Sherman et al. (2000). At room 
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temperature and at saturated vapor pressure, 0.1 mmolal SnII in 0.01 molal HCl at various 
NaCl concentrations up to 2.936 molal, five species of n-2nSnCl (0 ≤ n ≥ 4) are discovered by 
spectrophotometry, whereas only 02SnCl  and 
-
3SnCl  predominate in chloride concentration > 
0.1 molal at 300 °C (Müller and Seward, 2001). Note that the formation of SnII chloro 
complexes is strongly dependent on temperature (Müller and Seward, 2001). In contrast, 
XAS investigation suggested the increase of the ligand number from 3.4 to 3.9 at 25 to 250 
°C, the ultimate complex at temperature between 250 to 350 °C is -24SnCl  (Sherman et al., 
2000). 
Much research in recent years has focused on the solubility and hydrolysis of SnII and SnIV in 
chloride solution. The equilibrium constants of stepwise hydrolysis of SnII chloro complexes 
in various types of media and concentrations of SnII and Cl- solutions have been investigated 
in several works by using different techniques. Tobias and Hugus (1961) computed stability 
constants of SnII chloro complexes based on the data of Rabideau and Moore (1961), Duke 
and Courtney (1950), and Vanderzee and Rhodes (1952) by using least squares techniques. 
Their computed values are slightly greater than that reported in Vanderzee and Rhodes 
(1952) especially under the most acidic condition. This suggests that the hydrolysis of SnII 
can occur even under acidic condition. The formation of precipitated Sn(OH)Cl.H2O (s) and 
Sn(OH)Cl solution complexes has been also indicated (Cigala et al., 2012; Pettine et al., 
1981; Randall and Murakami, 1930; Vanderzee and Rhodes, 1952). Recently, Cigala et al. 
(2012) studied the speciation of SnII-Cl using extremely low SnII concentration of 10-8 to 10-6 
M in different ionic strength aqueous solutions (0.02-2.32 M Na(NO3,Cl)) at room 
temperature using differential pulse-anodic stripping voltammetry (DP-ASV) technique. The 
equilibrium constants proposed in their study are in the range of observed values in earlier 
studies.  
In aqua solution, numerous experiments have established that SnII can be easily hydrolyzed 
from pH < 2 or even in the most dilute SnII solution as hydroxyl-SnII complex (SnIIOH+). The 
hydrolysis of SnII was typically investigated by using experimental techniques of 
potentiometry, voltammetry, polarography, and solubility (Cigala et al., 2012; Gorman, 1939; 
Tobias, 1958). Tobias (1958) has extensively studied the formation of SnII complexes by 
potentiometric method. Since his experiment was dealt with high concentrations of 2.5-4 mM 
SnII in 3 M NaClO4 at 25°C, his result suggested not only the formation of mononuclear 
complex of SnOH , but also polynuclear complexes of 222 (OH)Sn and 
2
43(OH)Sn . Among 
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those polynuclear complexes, 243(OH)Sn is prevalent. The formation of 
2
43(OH)Sn and 
SnOH complexes was further justified at pH 0.5 to 1.3 in 3 M NaCl by Djurdjević et al. 
(1995).  
In 1964, Liang and Tu (1964) recalculated original data of Tobias. Their study suggested an 
additional presence of 32 (OH)Sn  and also confirmed a formation of 
2
22 (OH)Sn polynuclear 
complex in aqueous solution at pH higher than 1, near the precipitation point. Later, Gobom 
(1976) attempted to prove the formation of SnOH  proposed by Tobias. In order to achieve 
the target product in 3 M NaClO4 at low pH, he dealt with a lower Sn
II concentration. His 
results demonstrated the predominant formation of SnOH at low pH; however, under acidic 
condition the hydrolysis equilibrium constant is significantly dependent on ionic strength and 
type of medium.  
Nevertheless, there remains a need for an efficient experimental setting that can provide more 
reliable data at circumneutral pH range. The complications due to the formation of 
polynuclear complexes in previous works can be avoided by lowering the concentration 
levels of SnII. Pettine et al. (1981) investigated the influence of medium solutions using 
differential pulse anodic stripping voltammetry at SnII concentration of 0.54 µM. In their 
study, apart from NaCl, NaSO4, NaBr, and artificial seawater medium solutions, hydrolysis 
equilibrium constants of SnII are not changed with the concentration level (0.1 to 1 M at 
20°C) of NaNO3, NaClO4, HNO3, and HClO4 medium solutions. With respect to Sn
II in 0.5 M 
NaCl, the formation of SnII chloro complexes and hydroxy-chloro complexes (i.e. Sn(OH)Cl) 
prevails at low pH range of 0 to 5.5, while only hydroxo SnII complexes are present in 
medium solution at the whole pH range. Most recently, Cigala et al. (2012) studied SnII 
hydrolysis and precipitation in a very dilute solution of SnII (10-9 to 10-7 M) in different ionic 
strengths and different medium solutions at 25 °C by DP-ASV and light scattering titrations. 
In NaClO4, their hydrolysis constants obtained and the formation of hydroxo-chloro species 
observed seem to be in line with those of Pettine et al. (1981). 
The speciation models derived by PHREEQC using the hydrolysis constants in Pettine et al. 
(1981) and Cigala et al. (2012) are presented in Figure 1.1. As can be seen, thermodynamic 
speciation of 10 μM SnII, based upon the constants at infinite dilution in Cigala et al. (2012) 
(Fig. 1.1 (A2)), shows significant differences to the one employing the constants in Pettine et 
al. (1981) (Fig. 1.1 (A1)). It is apparent that in Figure 1.1 (A2) 02Sn(OH)  species prevail at 
wider pH range of 4 to 10, while the minor SnOH species show only ~15% at pH 3.5. It 
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should be noted that although previous studies have attempted to improve the approaches to 
obtain consistent stability constants of SnII hydrolysis, a large discrepancy between different 
databases still remains, which could be due to the easy oxidation of SnII and the precipitation 
of insoluble SnIV oxide. 
 
Figure 1.1. Thermodynamic speciation of 10 μM SnII derived by PHREEQC employing the 
constants in Pettine et al. (1981) (A1) and Cigala et al. (2012) (A2).  
 
The hydrolysis of SnIV was also studied by many researchers. However, because of the ready 
hydrolysis and formation of hydrous Sn oxide (SnO2.nH2O) even at low pH 0 (Klintsova and 
Barsukov, 1973; Kragten, 1975), the lack of reliable hydrolysis data of SnIV still exists.  
Dissolution of cassiterite (SnO ) has been investigated in water and aqueous NaOH not only 
at room temperature (Barsukov and Klintsova, 1970), but also at elevated temperature 
(Klintsova and Barsukov, 1973). The distribution of hydroxide complexes according to pH in 
zero ionic strength at 25°C, proposed by Klintsova and Barsukov (1973), is shown in Figure 
1.2 (A). Obviously, the prevalence of the neutral ion 04Sn(OH)  is in larger pH range of 2.5 to 
12 in comparison to Figure 1.2 (B) derived by PHREEQC using respectively the SnIV 
hydrolysis constants in Bradbury and Baeyens (2009) based on the data compiled in Baes and 
Mesmer (1976) and the SnIV hydrolysis constants in Duro et al. (2006) (update of 
thermodynamic database (TR-06-17)) based on the data compiled in NAGRA-PSI 01/01 
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TDB where 04Sn(OH)  is selected as a prevailing species in acidic to neutral pH range, based 
on Nazarenko et al. (1971) for the formation of 3SnOH , 22Sn(OH) , and 

3Sn(OH)  at low pH, 
and based on Amaya et al. (1996) for the formation of 5Sn(OH)  and 
2
6Sn(OH) above pH 6.5. 
A comparison of the speciation model shown in Figure 1.2 (B1) and Figure 1.2 (B2), reveals 
significant discrepancies between the two models in the acidic pH range.  
Recently, Rai et al. (2011) recommended an approach to obtain reliable thermodynamic data 
of 2SnO solubility and hydrolysis constants by investigating the formation of Sn
IV species at 
large pH range of 0 to 14.4 using SnO2 because it is likely to perform amphoteric behavior. 
Determination of the values for the formation of SnIV species was based on all available data 
in literature. Their results suggested the formation of 4Sn , 3SnOH , 04Sn(OH) , 

5Sn(OH) , 
and 26Sn(OH)  at pH range 0 to 14.4. The values of hydrolysis constants of those species are 
more or less consistent with Amaya et al. (1996). However, no formation of 22Sn(OH)  and 

3Sn(OH)  has been observed at low pH. This demonstrates the lack of agreement of the 
speciation distribution and hydrolysis constants, especially at extremely low and high pH, in 
literature.  
 
   
 
(A) 
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Figure 1.2. pH dependent distribution of hydroxide SnIV complexes at 25°C as proposed in 
Klintsova and Barsukov (1973) (A). The speciation models of 10 µM SnIV derived by 
PHREEQC employing the converted hydrolysis constants in Bradbury and Baeyens (2009) 
(B1) and in the thermodynamic database (TR-06-17) reported by Duro et al. (2006) (B2). 
 
SnII and SnIV Aquo and Oxide Coordinations 
It is reported that SnII interacts with ~4 oxygen atoms at SnII-O distance of ~2.2 Å forming 
square-pyramidal coordination in SnO and Na2Sn(C2O4)2 (Table 1.1) (Donaldson et al., 1976; 
Moore and Pauling, 1941; Pannetier and Denes, 1980). Nevertheless, Jeitschko and Sleight 
(1972) claimed that there are six oxygen atoms in α-SnWO4 forming a distorted octahedron 
around SnII atom; three oxygen atoms at each distance of 2.21 and 2.81 Å. The study of 
Yamaguchi and Lindqvist (1982) demonstrated trigonal-bipyramidal coordination in 
(NH4)2Sn(HPO3)2 compound, three short distances of Sn
II-O at ~2.12 Å and two longer 
distances of SnII-O at 2.7 and 3.3 Å. Note that different ligands result in different 
configurations.  According to Brown (1974), the bond valence or bond strength (s) of SnII-O 
can also calculated from bond length by equation s = s0(R/R0)
-N, where in case of SnII-O, 
constant values of s0 = 0.5, R
0 = 2.17, and N = 4.5, indicating that SnII strongly bonds to three 
atoms oxygen and one additional bonding at longer distance. The distance of additional 
bonding depends on the SnII compound.  
EXAFS and X-ray diffraction have been both performed to elucidate hydration structure of 
stereochemically active SnII ions in aqueous solution at room temperature (298 K) 
(B1) (B2) 
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(Yamaguchi et al., 1982). As shown in Table 1.1, by X-ray diffraction method, two types of 
SnII-OH2 bond have been considered. It is suggested that 3-4 water molecules are strongly 
bonded to the SnII ion at a distance of 2.25-2.34 Å, and three weak SnII-OH2 bonds at ~2.8 Å 
which is of minor importance in the solution. In addition, Sn-O bonding at a distance around 
3.6-4.8 Å is the interaction of SnII ions with water molecules in the second hydration shell. 
On the other hand, the EXAFS data provided evidence that only 3 to 4 oxygen atoms interact 
to SnII atom at 2.22 Å. SnII-SnII bond is at ~3.7 Å observed in 3 M Sn(ClO4)2 (Table 1.1).  
Johansson and Ohtaki (1973) demonstrated also the Sn-Sn bond at ~3.6 Å with > 1 
coordinated Sn atoms by X-ray diffraction. Their result is indicative of formation of SnII 
polynuclear complexes corresponding to Donaldson et al. (1976) and Yamaguchi et al. 
(1982). However, X-ray diffraction could not elucidate the interaction of weak SnII-H2O at 
~2.8 Å (Yamaguchi et al., 1982).  
Recently, ab initio quantum mechanical/molecular mechanical (QM/MM) and quantum 
mechanical charge field (QMCF) molecular dynamics (MD) have been used to explain the 
hydration structure of SnII (Table 1.1) (Hofer et al., 2005; Lim et al., 2009). MD indicates SnII 
hydration by eight water molecules coordinated at 2.39 (QMCF MD) and 2.53 Å (QM/MM 
MD) suggesting two different types of ligands (strong and weak bonds). A weak bond type of 
ligands could not be detected by EXAFS according to a very low mean ligand resident time 
(MRT). However, it is necessary to re-examine the experimental data and molecular 
dynamics simulation to clarify the behavior of SnII in aqueous solution. 
SnIV solid and hydration structures were investigated by XAS measurement in Bonhoure et 
al. (2003). Their study suggested six oxygen atoms surrounding SnIV in both solid compound 
and aqueous solution at a distance of 2.06 Å (Table 1.2). 
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Table 1.1. Coordination of SnII oxides and aquo complexes. 
SnII Method Configuration Sn-O (Å) Sn-Sn (Å) CN (Sn-O) Ref. 
Crystalline       
Blue-black SnII oxide X-ray diffraction square-pyramidal 2.22 3.70 4 a 
α-SnWO4 X-ray diffraction  
2.21 
2.81 
 
3 
3 
b 
Na2Sn(C2O4)2  X-ray diffraction distorted square-pyramidal 
2.246 
2.357 
 
2 
2 
c 
SnC2O4 X-ray diffraction  2.312   d 
Powdered SnIIO Neutron study, X-ray diffraction square-pyramidal 2.22   e 
(NH4)2Sn(HPO3)2 X-ray diffraction Trigonal-bipyramidal 
2.111, 2.115, 
2.161 
2.696 
3.258 
 
3 
 
1 
1 
f 
Aqueous solution       
[Sn3(OH)4]
2+ cluster 
(from crystalline 
(Sn3(OH)4)(NO3)2 ) 
X-ray diffraction  2.12-2.35 3.56 3 g 
3 M SnII(ClO4)2 X-ray diffraction Trigonal pyramidal 2.3 and 2.8 3.6 2 to 3 h 
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Table 1.1. Coordination of SnII oxides and aquo complexes (Cont.). 
SnII  Method Configuration Sn-O (Å) Sn-Sn (Å) CN Ref. 
3.3 M SnII(ClO4)2 X-ray diffraction 
 
 
 
 
 
 
EXAFS 
Trigonal-pyramidal 2.3 
2.8 
3.6-4.8* 
 
 
 
 
2.22 
 
 
 
 
 
 
 
3.54, 3.69, 3.8 
Model A‡ : 
3.4 at 2.34 Å 
7.2 at 4.4 Å 
Model B†: 
3.6 at 2.34 Å 
3 at 2.9 Å 
7.2 at 4.4 Å 
Model A: 
3.8 at 2.21 Å 
Model B : 
3.1 at 2.27 Å 
1.1 at 2.21 Å 
i 
 
Calculation ab Initio QM/MM MD  
2.53 
4.90 
 
7.99 
23.6 
j 
Dilute concentration 
regime of ∼0.5 M 
ab initio QMCF MD  
2.39 
4.69 
 
7.80 
22.0 
k 
(a) Moore and Pauling (1941); (b) Jeitschko and Sleight (1972); (c) Donaldson et al. (1976); (d) Gleizes and Galy (1979); (e) Pannetier and Denes (1980); (f) Yamaguchi and 
Lindqvist (1982); (g) Donaldson et al. (1995); (h) Johansson and Ohtaki (1973); (i) Yamaguchi et al. (1982); (j) Hofer et al. (2005);  (k) Lim et al. (2009). 
* interactions between Sn2+ ions and water molecules in the second hydration shell; ‡ considered one type of Sn-OH2; † considered two different types of Sn-OH2 
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Table 1.2. Coordination of SnIV oxide and aquo complex investigated by EXAFS (Bonhoure 
et al., 2003). 
SnIV Sn-O (Å) CN 
SnO2 (cr.) 2.063 6 
CaSn(OH)6 2.063  6 
1 mM SnCl4.5H2O dissolved  in NaOH, pH 13.3  2.064  6 
 
Sorption of SnII and SnIV  
Only few sorption studies of SnII are available. One of them is the study of SnII adsorption on 
granular activated carbon (GAC) (Wasewar et al., 2009). GAC is a good sorbent for SnII 
removal due to the presence of -OH, C-H, C=O, and C-O functional groups that could 
facilitate adsorption between solid surface and metal ions. Nevertheless, SnII solubility and 
stability were overlooked in their study. Sorption of SnII by manganese dioxide, iron oxide, 
expanded graphite, and clay was also investigated (Petridis and Bakas, 1997; Rapsomanikis 
and Craig, 1985; Ticknor and McMurry, 1996; Yang; et al., 2011); however, its sorption 
mechanism at wide range of pH is poorly understood. 
For SnIV, Kedziorek et al. (2007) studied sorption of SnIV on MX-80 bentonite and Callovo-
Oxfordian argillite from the Bure site in Eastern France. Recently, surface complexation of 
SnIV on Na-illite at pH range 3 to 11.5 was investigated by Bradbury and Baeyens (2009). In 
their study, to gain a better understanding of sorption behavior, surface complexation models 
(the two site protolysis non electrostatic surface complexation and cation exchange model 
(2SPNE SC/CE model)) were implemented as promising tools used in predicting the possible 
sorption complexes on account of observed data from titration measurement. The surface 
complexes suggested by the model are according to the speciation distribution of SnIV based 
on the data compiled in Baes and Mesmer (1976). They found that SnIV strongly sorbs on Na-
illite at wide pH range 3 to 10 (Log Rd >5), whereas the repulsion force between negatively 
charged surface and aqueous species of 5Sn(OH)  and 
2
6Sn(OH) leads to a decrease of Sn
IV 
sorption at pH >10. Bonhoure et al. (2003) investigated uptake of SnIV by cement phases 
employing Extended X-ray Absorption Fine-Structure (EXAFS) spectroscopy, demonstrating 
the transition from surface complexation to precipitation at Sn >10-6 M at the high pH typical 
for cement systems. 
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The presence of the long-lived (105 years), fission-produced radionuclide 126Sn in spent 
nuclear fuel (Weast, 1972) is of significant concern, especially due the lack of reliable 
information on its oxidation state and corresponding retention mechanisms. To predict the 
transport of soluble Sn species in groundwater, it is very important to understand its 
geochemical behaviour, comprising hydrolysis, precipitation/dissolution, redox reaction, 
colloid formation, migration, and surface formation. It is important to reiterate here that the 
mobility of Sn significantly depends on its oxidation state. SnII (<10-6 M) is generally more 
soluble than SnIV (<10-9 M).  While the environmental chemistry of inorganic SnIV is largely 
dominated by its sparingly soluble oxide, cassiterite, SnII is more active to form a range of 
aqua-complexes but also solid phases with chlorides, sulphates, phosphates, and carbonates 
(Edwards, 1997; Edwards et al., 1992; Edwards et al., 1996; Wilkin and Barnes, 1996). Both 
SnII and SnIV oxides perform amphoteric behaviour, hence their solubility is subject to the 
solution pH. Figure 1.1 shows that SnII forms the aqueous species 2Sn , SnOH , 02Sn(OH) , 
and -3Sn(OH)  from pH 2 to 12. Despite the lack of agreement of the speciation distribution 
and the hydrolysis constants of SnIV especially at extremely low and high pH (Fig. 1.2), 
hydrolysis series should consist of 4Sn , 3SnOH , 22Sn(OH) , 

3Sn(OH) , 
0
4Sn(OH) , 

5Sn(OH) , and 
2
6Sn(OH) . Sn
II is known as a strong reducing agent which is commonly used 
to reduce aqueous FeIII and MoVI. This is because the higher half-cell oxidation potential (E°) 
of SnII ( SnII SnIV + 2e- ; E° = -0.15 V) than that of FeII (FeII  FeIII + e-; E° = -0.77 V) and 
MoVI (MoV  MoVI + e-; E° ≈-0.48) (Cammack et al., 1976).  
While some geochemical properties of Sn have been well established in the past, the 
processes taking place between SnII and the water/mineral interface remains largely 
unknown. It is known from the literature that this kind of interaction could produce a variety 
of reactions including sorption, surface ion exchange (also called displacement of 
structural metal), redox reaction via interfacial electron transfer between sorbed metal ions 
and structural redox coupled ions like FeIII in goethite and magnetite, bulk conduction (as a 
belt conveyer), reductive dissolution, and resorption/reprecipitation/recrystallization (a 
secondary mineralization pathway) of reduced Fe leading to the transformation to secondary 
minerals. To elucidate such reactions, I will rely on spectroscopic and other methods to 
investigate both oxidation state and local structure of Sn. Magnetite and goethite have been 
identified as corrosion products of radioactive waste containers under relevant chemical 
conditions, i.e. in the presence of H2 gas released by the waste through radiolysis, and 
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eventually by contact between the container steel and the embedding clay back-fill materials 
(Grambow et al., 1996; Schlegel et al., 2010). Retention of radionuclides by these corrosion 
minerals is important, since they may act as a transport barrier of Sn to the environment after 
the inevitable corrosion of these steel containers. Both minerals are also present in the far-
field of nuclear waste repositories, and hence can further limit Sn migration to the biosphere. 
A third mineral was studied in this far-field context, namely mackinawite, to represent a key 
mineral of sulfidic environments. This mineral also offered the opportunity to study the 
interaction of Sn with the much “softer” sulfide groups at its surface. Therefore, in order to 
better understand the fate and transport of Sn under such anoxic condition, this study deals 
with the reaction of SnII on synthesized mackinawite, magnetite, and goethite at O2 level < 2 
ppmv.  
In the following, I will provide a more detailed literature review on these three selected 
minerals, with a focus on, their formation and potential transformation as well as their 
properties and applications. Therefore, the extended descriptions of preparation (to 
understand how they are formed), properties (i.e. redox activity, dissolution), and application 
(to learn from possibly similar reactions with other aqueous metals) of selected minerals will 
be shown in the next section.  Additionally, information on sorption processes, semi-
empirical sorption models, and selected chemical surface complexation models used to 
predict SnII sorption behavior will be given. 
 
1.3.2. Synthesis, Surface Properties, and Metal Retention of Selected Minerals 
Magnetite (Fe3O4) 
Synthesis, Surface Properties: Magnetite, 4
III
2
II OFeFe , is a common mineral in igneous, 
metamorphic, and sedimentary rocks, beach sand, etc. It is also identified as a corrosion 
product, when carbon steel canisters used for the disposal of radioactive waste corrode under 
low oxygen content and elevated temperatures (Grambow et al., 1996). In the laboratory, 
magnetite can be produced by various techniques, for example, from mixed FeII/FeIII ions 
solutions brought to alkaline pH (Katsurai and Uda, 1975; Regazzoni et al., 1981; Tronc et 
al., 1982), by oxidation of FeII ions at pH 4 to 7.6, or of the FeII(OH)2 ion at pH 10.8, using 
oxidizing agents and oxygen at T ~60-100°C (Kiyama, 1974; Regazzoni et al., 1981; 
Sugimoto and Matijević, 1980; Tamaura et al., 1990), by oxidation of FeII(OH)2 in water at 
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pH 8.5 to 11 at ~250°C (Schikorr, 1929), and by thermolysis of ferrous complexes with 
amino-polycarboxylate ligands at 200°C. Also, nano-magnetite can be synthesized by several 
techniques, e.g., sol-gel techniques (Xu et al., 2007), precipitation in poly(vinylalcohol) 
aqueous solution (Lee et al., 1996), reaction between ferrous and hydrazine solutions 
(Gingasu et al., 2011), decomposition of an organometallic precursor (i.e., iron carboxylate, 
iron acetylacetonate, iron oleate) (Roca et al., 2006; Yu et al., 2004). This latter technique 
provides a narrower size distribution and better crystallinity (Roca et al., 2006). However, the 
most common technique used in laboratory is co-precipitation. 
The rate of magnetite formation, magnetic dispersity, particle size distribution, and the 
formation of nonmagnetic compounds are dependent on the pH of the reacting medium, the 
concentration of reagents, the nature of precipitator, and the temperature of synthesis 
(Gribanov et al., 1990; Jolivet et al., 2004). To obtain a precipitate of both FeII and FeIII ions 
in hydroxide water solution, an alkaline solution of NH4OH can be slowly or quickly, 
dependent on the volume, poured into the mixed FeII/FeIII solutions. By mentioned method, 
black sediments with higher saturation magnetization are accomplished (Elmore, 1938; 
Gribanov et al., 1990). Jolivet et al. (2004) also reported that nanoparticulate magnetite could 
be achieved by performing a co-precipitation of FeII- and FeIII-salt solution at pH higher than 
the point of zero charge (PZC) of magnetite and by ageing the suspension at pH 13.5 in 3 M 
NaNO3. In this study, the nanoparticulate magnetite will be produced using the method of 
Jolivet et al. (2004) without ageing step.                                                                                          
The following non-stoichiometric reaction illustrates the co-precipitation of FeII- and FeIII-
salts by using NaOH (Nedkov et al., 2006). 
4332
3
62
2
62 OFeFe(OH)Fe(OH)NaOHO]Fe[HO]Fe[H 
    (1-3). 
Further, magnetite formation can be facilitated by the formation of aqueous ferrite at the ratio 
of FeII/FeIII = 2:1. It can also be formed via the transformation of a green, intermediate 
complex (green rust); the formation mechanism is given in a following non-stoichiometric 
reaction (Gokon et al., 2002).  
OHOFeO2H]))(O(OH))(Fe[(FeFe(OH)2Fe(OH) 2432
-2
2
-2-
2
23
32 
  (1-4). 
The determination of magnetite stoichiometry has received much attention since it can 
influence the sorption capacity and redox activity (Gorski and Scherer, 2009; Latta et al., 
2013; Peterson et al., 1997). Because of the Verwey transition at around 120 K of magnetite 
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(Tronc et al., 1992) and fast electron hopping in octahedral sites above Verwey transition, the 
valence of iron in these octahedral positions is noted as an averaged valence of +2.5. The 
structural formula can hence be written as 4B
2.5
A
3 O)(Fe)(Fe  , where A and B represent 
respectively tetrahedral and octahedral sites.  
Mössbauer spectroscopy is a useful technique for the determination of Fe oxidation states in 
the spinel structure of magnetite. Typically, the stoichiometric magnetite with the ratio of 
FeII/FeIII = 1/2 presents sextet spectra composed of tetrahedral (A) and octahedral (B) sites. 
At room temperature, the lines of B site spectrum are broadened due to electron hopping 
between Fe2+ and Fe3+ (Kündig and Hargrove, 1969). Notwithstanding, small 
superparamagnetic particles produce a spectrum similar to maghemite (Vandenberghe et al., 
2005). Two main hyperfine parameters, the isomer shift (ISO, CS) and hyperfine magnetic 
field (Hhf), are useful for the interpretation of the interaction between the Fe nucleus and the 
surrounding electrons. The hyperfine parameters of well-crystallized magnetite are Hhf,A = 49 
T and ISOA = 0.28 mm/s for Fe
3+, Hhf,B = 46 T and ISOB = 0.66 mm/s for Fe
2.5+ with QUA 
(quadrupole splitting) = 0 mm/s for both sites (Vandenberghe et al., 2000). However, the 
values are dependent on the particle size of magnetite and the temperature, at which the 
Mössbauer measurement is conducted. Especially at room temperature, it is complicated to 
analyze the Mössbauer spectrum, because the spectrum fitting often does not provide a 
unique set of parameters. 
Magnetite is an amphoteric solid, which can develop charges by protonation and 
deprotonation reactions on its surface. Literature values of the point of zero charge (PZC) of 
magnetite are reported as 5.4 to 9.9 (Blesa et al., 1984; Catalette et al., 1998; Illés and 
Tombácz, 2003; Marmier et al., 1999; Milonjić et al., 1983; Missana et al., 2003a; Regazzoni 
et al., 1981; Stumm et al., 1992; Sun et al., 1998; Sverjensky and Sahai, 1996; Tewari and 
McLean, 1972). The titration behavior was determined as the pK values of protonation and 
deprotonation reactions, which can be obtained by numerically curve fitting with one of 
several models, e.g. the constant capacity model (CCM), double layer model (DLM), 
nonelectrostatic model (NEM), basic stern model (BSM), and triple layer model (TLM). The 
titration behavior of the magnetite surface and the thermodynamic equilibrium constants are 
given in eq. 1-5 and 1-8. The estimated surface acidity constants (pK+ and pK-) of magnetite 
are in the range of 3.5-6.6 and 6.2-10.0, respectively.  
 บบ HFeOHFeOH2         (1-5) 
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 บบ HFeOFeOH           (1-6)  
 RT
F
eK
0
]FeOH[
]FeOH][H[
2




บ
บ
          (1-7) 
 RT
F
eK
0
FeOH][
]][HFeO[ - 
บ
บ
          (1-8) 
Surface site density, an important parameter in surface complexation modeling, can be 
determined by several methods, e.g. NMR spectroscopy, infrared spectroscopy, tritium 
exchange, weight loss method, crystallographic method, H2O adsorption, and acid-base 
titration. The range of surface site density of magnetite is determined as 1.5 – 6.7 sites/nm2 
provided by curve fitting of titration data (Catalette et al., 1998; Jolsterå et al., 2012; Mansour 
et al., 2009; Mayant et al., 2008; Missana et al., 2003a; Philippini et al., 2006). 
Dissolution: Several researchers investigated the dissolution of magnetite (Pang et al., 2007; 
White and Peterson, 1996; White et al., 1994). Acidic and alkaline dissolution reactions of 
magnetite have been given in eq. 1-9 to 1-12. The simplest acidic dissolution is explained in 
eq. 1-9, and the phase transformation of magnetite to maghemite via dissolution process can 
be described by eq. 1-10 and 1-11. Reductive dissolution of magnetite is shown in eq. 1-12 
(Haruyama and Masamura, 1978; Mancey et al., 1993; Pang et al., 2007; White and Peterson, 
1996), which occurs at pH range 1.7 to 3.0 (E0=0.98 to 1.09 V).  
O4HFe2Fe8H]OFe[Fe 2
IIIII
4
III
2
II         (1-9). 
OHFe)(]O[Fe2H]OFe[Fe 2
II
3
III
24
III
2
II   maghemite        (1-10). 
3
III
3
III
224
III
2
II (OH)Fe)(]O[FeOHOH]OFe[Fe   maghemite     (1-11). 
OH4.)(Fe328H]OFe[Fe 2
II
4
III
2
II   aqe           (1-12). 
In 0.5 M HCl at 25 °C, the dissolution rate of magnetite is greater than that of akaganeite, 
maghemite, hematite, and goethite, but lower than that of lepidocrocite, which is a 
consequence of differences in chemical composition and crystal structure (Sidhu et al., 1981). 
The effects of ionic strength, nature of the background electrolyte media (NaCl and NaClO4), 
and acid solutions (i.e., HCl, HClO4, H2SO4) to the dissolution rate of magnetite were 
demonstrated by Sidhu et al. (1981) and Bruyére and Blesa (1985). Comparing dissolution in 
NaCl and NaClO4 background electrolytes and in HCl and HClO4 acid solutions shows that 
dissolution of magnetite is appreciably higher in NaCl and HCl, and dissolution increases 
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with increasing ionic strength and acid concentration (Sidhu et al., 1981). In contrast, the 
increase of the dissolution rate with concentration could not be shown in NaClO4 medium 
and HClO4 acid solution. This suggests that the concentration of the more strongly 
complexing Cl- and H+ ions contributes more strongly to the dissolution rate of magnetite, 
while the non or less strongly compelxing ions ClO4
- and Na+ have no effect. Moreover, 
Bruyére and Blesa (1985) investigated the acidic and reductive dissolution of magnetite in 
aqueous sulfuric acid (H2SO4) and  in the presence of Fe
II. Their results suggest that 
dissolution of magnetite is accelerated by FeII at 70°C which is indicative of reductive 
dissolution, and at high ionic strength the possible dissociation of –OH group as H2O and 
interaction of 4HSO  at the surface are presented as;  
OHHSOFeHSOHFeOH 244 บบ
          (1-13). 
Metal Retention (Surface Structure): Due to the unique properties of magnetite, it is used in 
various applications. Because of the biocompatibility, high magnetic saturation, and 
interactive function at the surface of nano-magnetite, it is a promising candidate in 
biomedical carrier technology and detoxification. Furthermore, magnetite is of great interest 
to recording media, water purification, and removal of hazardous metals and transport barrier 
of radioactive via sorption process (e.g. Se, As, Ni, U, Pu, Cr, Co). Nanoparticulate magnetite 
has a high removal efficiency for As (Auffan et al., 2008; Mayo et al., 2007; Shipley et al., 
2009; Yavuz et al., 2006; Yean et al., 2005; Yu et al., 2011), Ni (Wang et al., 2010), and Cr 
(Buerge and Hug, 1997; Eary and Rai, 1988; Gallios and Vaclavikova, 2008; Jung et al., 
2007). It provides a powerful adsorption capacity by showing a strong surface complex with 
metal ions on account of reactive surface sites. The adsorption capacity insignificantly 
subjects to particle concentration, pH, ionic strength, and temperature (Shipley et al., 2009).  
Sorption complex of metal ions at the surface of magnetite has been successfully elucidated 
by XAS (Table 1.3).  According to  Peterson et al. (1996), Latta et al. (2013), Singer et al. 
(2012a), (Scheinost et al., 2008), and Kirsch et al. (2011), CrVI, UVI, SeV, and PuIII,V form a 
redox couple with FeII-octahedra and then form bidentate and tridentate complexes of the 
reduced species at the surface of magnetite. The (111) faces in magnetite terminated by Fe 
octahedra reduced CrVI to CrIII and PuV to PuIII, both reduced species forming tridentate 
complexes (also called trinuclear and triple edge-sharing complex) (Kirsch et al., 2011; 
Peterson et al., 1996), while UIV, AsIII, and SeIV form bidentate corner-sharing complexes at  
the surface of magnetite (Coker et al., 2006; Latta et al., 2013; Missana et al., 2009; Singer et 
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al., 2012a). Although the flat (111) face is relatively poor in FeII  and has a high activation 
energy to transfer electrons from the bulk to FeIII surface sites, a higher FeII content at less 
stable defect-rich sites can initiate the reduction of metal ions at higher oxidative state and 
conduct the electrons from the bulk to the surface (Singer et al., 2012b). The reduction of PuV 
on magnetite surface is further confirmed at pH range of 3 to 8 in the study of Powell et al. 
(2004). 
However, reduction of SeIV by magnetite is still under debate. While it is speculated that SeIV 
is reduced to form FeSe (Scheinost et al., 2008), Missana et al. (2009) and López de 
Arroyabe Loyo et al. (2008) proposed that no reduction of SeIV was observed, suggesting that 
the reduction occurs at the (111) surface, where the tetrahedrally coordinated FeIII is also 
available, and where SeIV forms bidentate edge-sharing and corner-sharing complexes (Table 
1.3), dependent on the suspension pH (Missana et al., 2009). Similarly, AsV shows no 
evidence of reduction at the surface of magnetite and forms a bidentate corner-sharing 
complex on the (100) surface of magnetite (Coker et al., 2006; Jönsson and Sherman, 2008). 
In case of UVI, Latta et al. (2012b) indicated that the magnetite stoichiometry strongly 
influences reduction of UVI. Reduction of UVI was not observed on a substoichiometric 
magnetite (FeII/FeIII < 0.5), while the reduction kinetics increase with increasing 
stoichiometry (Latta et al., 2012b; Latta et al., 2013). Reduced UIV forms a bidentate corner-
sharing complex at the surface of Ti-substituted magnetite providing a U-Fe interatomic 
distance of 3.43 Å (Latta et al., 2013) which would be similar to the distance at the surface of 
magnetite, while the presence of CO3 and Ca significantly increases the U-Fe distance to 
~3.70 Å (Singer et al., 2012a). These latter studies demonstrate therefore, that the observed 
differences in the reduction potential of magnetite in these former studies might have been 
due to substoichiometry (which was not investigated in these former studies). 
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Table 1.3. Coordination number (CN) and distances R (Å) derived from EXAFS fitting for surface structures of aqueous metal ions on 
magnetite reported in previous works.  
Metal ion Complex 
Possible 
sorption site 
Reaction 
(O) 
R (Å)/CN 
(1E) 
RMe-Fe (Å)/CN 
( 2C) 
RMe-Fe (Å)/N 
Method, 
Condition 
Ref. 
CrVI 
Tridentate (edge-sharing 
octahedra coordinated to 
FeIII surface octahedra) 
and surface clusters of Cr 
at magnetite surface 
(110) and 
(111) faces 
Reduced to CrIII 
via heterogeneous 
electron transfer 
(1) ~1.60 / 1-2 
(2) ~1.97/ 4-5 
~3.00 / 3-4 – / –  pH 6-7 a 
PuV Tridentate  (111) face Reduced to PuIII ~2.48/~8.0 3.54/ 3.0 – / – pH 8.0 b 
UVI Bidentate – 
Reduced to UIV 
by stoichiometric 
magnetite and Ti-
substituted 
magnetite 
– – / – 3.43/ ~2.0  c 
* UVI Bidentate (111) face Reduced to UIV (Oax) 1.80/ 2.1 
(Oaq) 2.39/ 6.4 
Oax) 1.80/ 2.1 
(Oaq) 2.37/ 5.8 
– 
 
– 
 
3.72/1.0 
 
3.68/ 2.5 
 
pH 5 
 
pH 10 
d 
SeIV – (111) face No reduction 
observed 
1.71/ 3.1 
1.70/ 2.9 
2.97/ 0.9 
2.91/ 1.0 
3.42/ 1.2 
– / – 
pH 6.9 
pH 9.4 
e 
 –  No reduction 
observed 
– – – pH 4.8-8.0 f 
 –  Reduced to FeSe – – – pH 5.3 g 
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Table 1.3. Coordination number (CN) and distances R (Å) derived from EXAFS fitting for surface structures of aqueous metal ions on 
magnetite reported in previous works (Cont.).  
Metal 
ion 
Complex 
Possible 
sorption site 
Reaction 
(O) 
R (Å)/CN 
(1E) 
RMe-Fe (Å)/CN 
( 2C) 
RMe-Fe (Å)/N 
Method, 
Condition 
Ref. 
AsIII 
Bidentate (on Fe 
octahedral) 
 
No reduction 
observed 
1.78/ 3.0 – / – 3.50/ 1.0 pH 7.1 h 
  (100) face 
No reduction 
observed 
1.79/ 3.0 – / – 3.39/2.0 pH 7.0 i 
AsV 
Bidentate (on Fe 
octahedral) 
 
No reduction 
observed 
1.69/ 4.0 – / – 3.33/ 2.0 pH 7.1 h 
  (100) face 
No reduction 
observed 
1.69/ 4 – / – 3.42/2.0 pH 10.6 i 
(a) Peterson et al. (1996); (b) Kirsch et al. (2011): (c) Latta et al. (2013); (d) Singer et al. (2012a); (e) Missana et al. (2009); (f) López de Arroyabe Loyo et al. (2008); (g) 
Scheinost et al. (2008); (h) Coker et al. (2006); (i) Jönsson and Sherman (2008) 
* in the presence of CO3 and Ca 
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Redox Activity: Magnetite is a redox-active mineral whose stoichiometry (FeII/FeIII ratio) 
significantly influences the reduction rates of sorbed oxidative sorbates like nitrobenzene 
(Gorski and Scherer, 2009) and aqueous metal ion solutions (i.e. UVI, TcVII) (Latta et al., 
2013; Liu et al., 2012). Latta et al. (2012b) found that a substoichiometric magnetite with less 
FeII (FeII/FeIII<0.5) is not capable of UVI reduction, while doping magnetite with tetravalent  
TiIV, which should induce charge compensation by a superstoichiometric amount of FeII, did 
not seem to increase the redox activity of this magnetite, but affectes UIV speciation at the 
surface (Latta et al., 2013; Liu et al., 2012; Pearce et al., 2012). It is generally accepted that 
the reduction of aqueous metal ions (CrVI, SeIV, HgII ,UVI, and NpV) at the surface of 
magnetite is due to interfacial electron transfer from structural FeII (Nakata et al., 2002; 
Peterson et al., 1996; Scheinost and Charlet, 2008; Scott et al., 2005; Wiatrowski et al., 
2009). However, structural electron transfer cannot solely explain rapid oxidation and 
dissolution rates of magnetite, because of a high activation energy to transfer electrons from 
the bulk to FeIII surface sites (Gorski et al., 2012; Liu et al., 2012; Tang et al., 2003). 
Therefore, Fe diffusion (charge diffusion), which occurs faster in magnetite due to its 
structural vacancies, seems more probable to enable a rapid oxidation rate of magnetite and 
its dissolution (Tang et al., 2003). Additionally, the smaller the particle size the faster the 
diffusion of FeII to the surface; once FeII is at the surface, a sudden oxidation to FeIII is 
obtained  (Gorski et al., 2010; Tang et al., 2003). It is unclear, however, whether electron 
transfer or Fe diffusion plays a major role in oxidation of magnetite. It is also reported that 
the change in redox potential could influence the oxidation of magnetite (Castro et al., 1996; 
Chen and Cahan, 1982). 
According to a mixed FeII-FeIII phase, magnetite acts also as an electron acceptor. Like the 
reaction of FeII on goethite, reductive dissolution of magnetite is induced by electron transfer 
from reductive sorbates (i.e. oxalic acid-ferrous ion solutions, mercaptocarboxylic acids, 
ferrous ion solution) to structural FeIII in magnetite (Blesa et al., 1987; Borghi et al., 1991; 
Bruyére and Blesa, 1985). The reaction mechanism of SnII on magnetite surface remains 
unknown. By considering the redox potentials of SnII and structural FeII,III, SnII should be a 
stronger reductant than Fe. Consequently, structural FeIII may form a redox couple with 
aqueous SnII. The half-cell oxidation reaction is SnII  SnIV + 2e- (E°= -0.15 V) and for the 
half-cell reduction reaction on the magnetite surface is FeIII+ e-  FeII (E° = 0.77 V). The 
positive potential of the redox reaction of SnII + 2FeIII  SnIV + 2FeII indicates that electrons 
can spontaneously flow from sorbed SnII to structural FeIII in magnetite. Therefore, it is 
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hypothesized that SnII will be rapidly oxidized by magnetite, while structural FeIII will be 
reduced. This may lead to reductive dissolution of FeII and potentially the reprecipitation as 
secondary mineral phases.  
 
Goethite (α-FeOOH) 
Synthesis, Surface Properties: Goethite is widely spread in natural media and is found as one 
of steel canister corrosion products (Antunes et al., 2003; Misawa et al., 1978). Goethite is 
reported as a good sorbent for selenium (Se) (Duc et al., 2003; Hayes et al., 1987; Zhang and 
Sparks, 1990) and uranyl species (Hsi and Langmuir, 1985). It can be prepared according to 
Schwertmann and Cornell (2000). Atkinson et al. (1968) indicated that aging time, rate of 
NaOH addition, and final pH of precipitation give rise to the difference in shapes and sizes of 
goethite.  
The surface site density (SSD) of goethite is 1.3 – 2.2 sites/nm2 according to acid/base 
titration (Deng and Stone, 1996; Gao and Mucci, 2001; Missana et al., 2003b; Philippini et 
al., 2006), but 1.5 to 20.1 sites/nm2 by tritium exchange method (Altmann, 1985; Hsi and 
Langmuir, 1985; Koretsky, 2000; Yates et al., 1977). There is no guarantee of reliability for 
the value obtained from those methods. Therefore, it might be better to estimate this value 
from the crystallographic data.  Goethite is amphoteric solid; the pHPZC of goethite is in the 
range of 7.5 – 9.4 (Bebie et al., 1998; Gao and Mucci, 2001; Jordan et al., 2007; Missana et 
al., 2003b; van Geen et al., 1994).  
Dissolution: Dissolution of goethite has been studied by a range of workers (Cornell et al., 
1974; Cornell et al., 1975; Cornell et al., 1976; Larsen and Postma, 2001; Missana et al., 
2003b; Schwertmann, 1991; Suter et al., 1991; Tronc et al., 1982). Acidic dissolution of 
goethite is observed in HCl, H2SO4, and HClO4 (Cornell et al., 1974; Cornell et al., 1975; 
Cornell et al., 1976; Surana and Warren, 1969). The rate of dissolution of goethite is a 
consequence of crystal morphology and surface area (Fig. 1.3) (Cornell et al., 1974). Because 
the weakness area is at the center of twin (or twin plane) where six acicular crystals join 
together, this results in the more rapid dissolution of star-shaped twins as compared to 
acicular crystals (Fig. 1.3). Irregularly-shaped twins containing more twin planes in each 
fragment of crystal, are even more rapidly dissolved than star-shaped twins (Fig. 1.3) 
(Cornell et al., 1974; Cornell et al., 1975). The mechanism of acidic dissolution of goethite in 
HClO4 and HCl can be formulated as given in eq. 1-14 and 1-15 (Cornell et al., 1976). In HCl 
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solution, a strong dissolution of goethite is more complex due to a function of not only H+ but 
also Cl- (Cornell et al., 1976). Schwertmann (1991) postulated the dissolution of goethite via 
protonation, reduction, and complexation, illustrated in eq. 1-16 to 1-18. Eq. 1-17 represents 
reductive dissolution of goethite by reductants, i.e. FeII (Schwertmann, 1991), ascorbate 
(Sulzberger et al., 1989), or hydrogen sulfide (Dos Santos Afonso and Stumm, 1992). Eq. 1-
18 can explain the dissolution of goethite in HCl. 
O2HFe3HFeOOH 2
3          (1-14). 
O2H 2ClFeCl3HClFeOOH 2
2         (1-15). 
  2Fe(OH)HFeOOH         (1-16). 
O2HFee3HFeOOH 2
2          (1-17). 
n-3
n ][FeLnL3HFeOOH 
 , where L is ligand    (1-18). 
 
Figure 1.3. The plot of initial rate dissolution in 0.5 M HCl of different morphological types 
of goethite versus BET surface area (Cornell et al., 1974). 
 
Metal Retention (Surface Structure): The surface structure of aqueous metal ions at the 
surface of goethite has been elucidated by XAS. Goethite shows a strong interaction with 
oxyanions of Se, As, Cr, Pb, and Mo (Arai, 2010; Farquhar et al., 2002; Fendorf et al., 1997; 
Foster et al., 1998; Hayes et al., 1987; Hsi and Langmuir, 1985; Manning et al., 1998; 
Manning et al., 2002; Missana et al., 2009; Missana et al., 2003b; Ona-Nguema et al., 2005; 
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Sherman and Randall, 2003; Templeton et al., 2003; Waychunas et al., 1993), which 
generally form a bidentate complex (a formation of edge-sharing (or bidentate-mononuclear) 
complex (1E) and corner-sharing (or bidentate-binuclear) complex (2C)) and a minor 
distribution of monodentate (also called a monodentate-monomer complex (1C)) complex at 
the surface of goethite (Table 1.4). Aqueous ions of Se, As, Cr, Pb, and Mo are octahedrally 
coordinated with surrounding ligands at the surface and solution. The distribution of 
monodentate and bidentate surface complexes of As and Cr is dependent on sorption loading 
(Fendorf et al., 1997), while even at higher loading the surface structure of MoVI tetrahedral 
on the surface of goethite appears to remain the same as 1E and 2C complexes (Table 1.4). A 
longer interatomic distance of Pb-Fe than that of others listed in Table 1.4 is due to a very 
large ionic radious of Pb. The distance of Me-Fe increases in the order of MoVI-Fe < AsV-Fe 
< CrVI-Fe < AsIII-Fe < SeIV-Fe < PbII-Fe, which is corresponding to the increasing ionic 
radius in the order of MoVI (tetr.) < AsV(oct.) < CrVI (oct.) < AsIII  (oct.) < SeIV (oct.) < PbII. 
However, MoVI coordination is found to change from tetrahedral (Shannon ionic radius = 
0.41 Å) to octahedral (Shannon ionic radius = 0.59 Å) with decreasing pH leading to a longer 
MoVI-Fe distance at low pH (Table 1.4) (Arai, 2010).  
No redox reaction of these divalent metal ions on the surface of goethite has been observed, 
which is expected since their standard redox potentials are lower than that of FeII/FeIII. 
However, the mineralogical transformation to secondary minerals by the reaction with FeII in 
aqueous solution has been studied. It is speculated that the electron transfer between sorbed 
FeII and structural FeIII in goethite induces a phase transformation to a secondary mineral (see 
more detail below). As for the reaction of SnII, it is hypothesized that SnII will be oxidized to 
SnIV at the surface of goethite (structural FeIII can form a redox couple with SnII) and SnIV 
will form the ultimate surface complex. The formation of an inner-sphere complexes of SnIV 
with ionic radius of 0.69 Å will provide longer distances of SnIV-Fe than that of other metal 
ions listed in Table 1.4. 
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Table 1.4. Coordination number (CN) and distances R (Å) reported in previous works for inner-sphere complex of aqueous metal ions on 
goethite.  
Metal ion Complex (1E) RMe-Fe (Å)/ CN (
2C) RMe-Fe (Å)/ CN (
1C) RMe-Fe (Å)/ CN Method/Conditions Ref. 
AsIII 
Monodentate 
and 
Bidentate 
 
– / – 3.34 / 2.6 3.57 / – EXAFS/ pH 6.4-8.6 a 
– / – 3.34 / 2.0 3.46 / 1.0 EXAFS / pH ≥ 5 b 
– / – 3.31/ 2.0 – / – EXAFS / pH 6±0.5 c 
– / – 3.34 / 1.4 3.55 / 0.4 EXAFS / pH 10.4 d 
AsV 
Monodentate 
and 
Bidentate 
– / – 3.25 / – 3.60 / – EXAFS / pH = 8 e 
– / – 3.30 /3.0 3.50 / 1.6 EAFS / pH= 5 f 
– / – 3.36 / 2.0 3.53 /1.0 EXAFS / pH≤5 b 
– / – 3.30 / 2.0 – / – EXAFS / pH=3.9 g 
2.85 / 1.3 
2.84 / 0.92 
2.85 / 0.61 
3.24 / 1.6 
3.23 / 1.3 
3.24 / 0.96 
3.59 / 0.41 
3.59 / 0.67 
3.60 / 1.05 
EXAFS / pH 6, log Γ -2.05 
EXAFS / pH 8, log Γ -2.15 
EXAFS / pH 9, log Γ -2.27 
h 
CrVI 
Monodentate 
and 
Bidentate 
2.91 / 0.91 
2.91 / 0.42 
– / – 
3.29 / 1.4 
3.27 / 1.5 
3.29 / 1.0 
– / – 
– / – 
3.63 / 0.8 
EXAFS / pH 5, log Γ -1.45 
EXAFS / pH 6, log Γ -1.67 
EXAFS / pH 6, log Γ -1.90 
h 
MoVI Bidentate 2.84 / 0.8 
2.81 / 0.6 
2.82 / 0.8 
2.81 / 0.7 
3.54 / 2.5 
3.48 / 1.4 
3.48 / 1.4 
3.47 / 1.4 
– / – 
– / – 
– / – 
– / – 
EXAFS /pH 3.97, log Γ 0.64 
EXAFS /pH 7.37, log Γ 0.72 
EXAFS /pH 7.31, log Γ 0.57 
EXAFS /pH 7.02, log Γ 0.12 
i 
SeIV Bidentate – / – 3.38 / 2.10 – / – EXAFS / pH 4 j 
– / – 3.35 / 1.8 – / – EXAFS  k 
PbII Bidentate 3.30 / 1.0 
(dominant) 
3.90 / 2.0 – / – EXAFS / pH 6 l 
SnII,IV ? ~ 3.2 / ? ~3.60 / ? – / – EXAFS / pH 3 - 9 This work 
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 (a) Manning et al. (1998); (b) Manning et al. (2002) ; (c) Farquhar et al. (2002) ; (d)  Ona-Nguema et al. (2005); (e) Waychunas et al. (1993); (f) Foster et al. (1998); (g) 
Sherman and Randall (2003); (h) Fendorf et al. (1997); (i) Arai (2010); (j) Missana et al. (2003b); (k) Hsi and Langmuir (1985); (j) Hayes et al. (1987); (k) Missana et al. 
(2009); (l) Templeton et al. (2003). Note: Shannon ionic radii (Shannon, 1976): MoVI = 0.41 (tetr.) and 0.59 (oct.) Å; CrVI = 0.44 (oct.) and 0.26 (tetr.) Å; AsIII = 0.58 (oct.) 
Å; AsV = 0.335 (tetr.) and 0.46 (oct.) Å; UVI = 0.52 (tetr.) and 0.73 (oct.) Å; SeVI = 0.28 (tetr.) and 0.42 (oct.) Å; SeIV = 0.5 (oct.) Å; SnIV = 0.55 (tetr.) and 0.69 (oct.) Å 
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Redox Activity, Phase Transformation: The phase transformation of goethite after the 
reaction of SnII, may be compared to that induced by FeII which has been investigated in 
recent years in more detail, although the FeII-induced mineral transformation of FeIII oxides is 
still a matter of debate. It is a complex process, including sorption reaction, interfacial 
electron transfer between sorbed FeII (an effective reductant, electron donator) and structural 
FeIII (an electron acceptor), reductive dissolution, and phase transformation to secondary 
minerals (Handler et al., 2009; Hansel et al., 2005; Jeon et al., 2003; Jolivet et al., 1992; 
Larese -Casanova and Scherer, 2007; Sedlak and Chan, 1997; Tamaura et al., 1983; Tronc et 
al., 1992; Williams and Scherer, 2004). The reaction of FeII with the unstable ferric 
hydr(oxide) like ferrihydrite leads to the transformation to more stable iron oxides, i.e. 
goethite, lepidocrocite, magnetite (Hansel et al., 2005; Jolivet et al., 1992; Pedersen et al., 
2005; Tamaura et al., 1983; Tronc et al., 1992). No transformation after the reaction with FeII 
was observed for magnetite and goethite (Gorski et al., 2010; Handler et al., 2009; Pedersen 
et al., 2005; Tamaura et al., 1983), although the evidence for electron transfer and 
recrystallization has been found (Handler et al., 2009; Jang et al., 2008b; Pedersen et al., 
2005). Usman et al. (2013) suggested that the reaction of aqueous FeII with goethite causes 
secondary mineralization of magnetite via solid-state transformation and/or 
dissolution/recrystallization. In contrast, a strong interaction of FeII with goethite especially 
after interfacial electron transfer results in a solid-state transformation (also called topotactic 
transformation, without Fe dissolution) to a secondary mineral, and this new phase becomes 
reactive and is able to catalyze the reduction reaction of CrVI and UVI and the oxidation 
reaction of AsIII (Amstaetter et al., 2009; Deng and Stone, 1996; Fredrickson et al., 2000; 
Jang et al., 2008a; Liger et al., 1999; Williams and Scherer, 2004).  
Figure 1.4 explains the possible reaction pathways of FeII on iron oxides (Handler et al., 
2009; Jeon et al., 2003; Larese -Casanova and Scherer, 2007). The first pathway (black 
arrows) illustrates the FeII-induced mineralogical topotactic transformation of goethite, 
consisting of sorption, interfacial electron transfer between sorbed FeII and structural FeIII, 
and secondary mineralization mechanism by solid-state transformation (Jeon et al., 2003; 
Larese -Casanova and Scherer, 2007). However, an extra electron in lattice structure may 
result in reductive dissolution of Fe (Fig. 1.4) whose rate is controlled by the characteristics 
of the iron oxides (Handler et al., 2009; Larsen and Postma, 2001; Latta et al., 2012a; 
Pedersen et al., 2005). The second reaction pathway in Figure 1.4 (red arrows, 1st to 4th step) 
can also explain the reaction of FeII on iron oxides (Handler et al., 2009; Latta et al., 2012a; 
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Pedersen et al., 2005). It is different from the first mechanism by the diffusion of electron to 
bulk goethite as belt conveyer (Handler et al., 2009). The secondary mineralization pathway 
occurs through dissolution and reprecipitation (also called recrystallization). In general, both 
representative pathways may proceed simultaneously for the transformation of iron oxides to 
secondary minerals. 
In this study, since SnII is a strong reducing agent, the reaction of SnII on goethite surface 
may lead to similar processes as shown in Figure 1.4.  Two electrons could involve the 
interfacial electron transfer between sorbed SnII and structural FeIII in goethite; the extra 
electrons, in the bulk structure, would weaken the Fe-O bond in structure and possibly result 
in a faster reductive dissolution of FeII. It is hypothesized that dissolved FeII will eventually 
re-adsorb and recrystallize to form a secondary mineral on goethite (as 5th and 6th steps) 
(Hansel et al., 2005; Pedersen et al., 2005; Tamaura et al., 1983). Interfacial electron transfer 
between re-adsorbed FeII(dis.) and structural FeIII might not take place because dissolved FeII 
is a weaker reductant (Liger et al., 1999; Stumm and Sulzberger, 1992). However, step 5 can 
also represent cosorption of dissolved FeII on inner-sphere complexes of Sn, and step 6 would 
then represent the ultimate formation of SnxFe3-xO4. Therefore, to confirm the new phase 
formation of either Fe3O4 or SnxFe3-xO4, high resolution TEM will be employed.  
 
Figure 1.4. Schematic representation of two reaction pathways for the MeII-induced mineral 
transformation of ferric oxides, based on the reaction mechanism of FeII as proposed in 
previous works (Handler et al., 2009; Jeon et al., 2003; Larese -Casanova and Scherer, 2007). 
The first pathway (black arrows) consists of 1: sorption, 2: redox reaction via interfacial 
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electron transfer; 3: transition from interfacial electron transfer to the formation of a stable 
FeII-FeIII iron oxide. The second pathway (red arrows) consists of 1: sorption, 2: electron 
transfer and oxide growth, 3: bulk conduction, 4: reductive dissolution, 5: 
resorption/cosorption/reprecipitation of reductive dissolution product (FeII) together with the 
oxidation product of the sorbed FeII, and 6: oxide growth and transformation to more stable 
secondary minerals. 
 
Mackinawite (FeS) 
Synthesis: Mackinawite may form within milliseconds and is considered as a highly reactive, 
but metastable reaction product on the way towards pyrite and other more stable Fe sulfides 
(Rickard, 1995). Its  stoichiometry has been described as Fe1.00±0.001S (Rickard et al., 2006), 
FeS1-x (where 0<x<0.07) (Vaughan and Craig, 1978), and Fe9S8 (Benning et al., 2000). 
Mackinawite can be transformed to greigite (Fe3S4), pyrite (more stable form), and magnetite 
via an oxidation process which could occur under both oxic and anoxic conditions 
(Boursiquot et al., 2001; Rickard, 1997). Furthermore, the loss of iron driven by dissolution 
and the addition of sulphur facilitate the transformation of mackinawite to pyrite and greigite 
(Berner, 1967; Furukawa and Barnes, 1996; Wilkin and Barnes, 1996); 
2
2
2 HFeFeS2H2FeS 
 (pyrite)       (1-19), 
2
2
43 HFeSFe2H4FeS 
 (greigite)       (1-20). 
Dissolution: Dissolution of amorphous mackinawite has been extensively studied by Rickard 
et al. (2006) and Wolthers et al. (2005a). It strongly depends on the pH. The two following 
reversible reactions (eq. 1-21 and 1-22) could explain the dissolution mechanism, a so-called 
non-oxidative dissolution (Rickard, 1995; Wolthers et al., 2005a). 
  H2.FeSHFe 2
2 )(amS    at pH <7   (1-21). 
SHFeSFe(HS)HS2Fe 22
2   (am.)  at pH >7   (1-22). 
Surface properties: The acid-base properties of mackinawite investigated by acid-base 
titration have been studied by Wolthers et al. (2005a). Their study suggests a point of zero 
charge (PZC) at pH ~7.5 and an SSD of 4 sites/nm2. In contrast, Widler and Seward (2002) 
and Healy and Moignard (1976) proposed a PZC of synthesized mackinawite at pH 3, which 
is much lower than the values reported in Gallegos (2007) (pHpzc ~5) and Wolthers et al. 
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(2005a). According to Sun et al. (1991), Bebie et al. (1998), and Butler and Hayes (1998), 
บFeOH and บSH functional groups occur at the mackinawite surface. The iron(II) hydroxyl 
(บFeOH) and sulfide (บSH) functional groups can develop charges in protonation and 
deprotonation reactions (Fig. 1.5). However, Wolthers et al. (2005a) suggested that FeS 
surface is saturated with Fe-SH groups at pH < ~10.  
Reported surface area values of synthesized mackinawite extent across five orders of 
magnitude (0.05 – 424 m2/g), strongly dependent on the method employed. The BET method 
commonly provides small values due to the particle aggregation of freeze-dried mackinawite 
(Kornicker, 1988; Rickard, 1997; Wolthers et al., 2003), while estimates based on particle 
size yield large values due to commonly nanometer-sized crystallites  (e.g., TEM).  
 
Figure 1.5. Titration behavior of the FeS surface adapted from Butler and Hayes (1998) and 
Bebie et al. (1998). 
 
Metal Retention: The reaction mechanism between aqueous divalent metals and mackinawite 
is generally explained by surface ion exchange, which is a function of the metal sulfide 
solubility and leads to the precipitation of (MexFe1-x)S and MeS, provided the reaction 
product is less soluble and less susceptible to oxidation in comparison to FeS (Coles et al., 
2000; Di Toro et al., 1992). Table 1.5 lists the solubility product constants (Ksp) of divalent 
metal-sulfide complexes; the solubility of metal sulfides decreases in the order of MnS> 
FeS> NiS≥ CoS> ZnS> SnS≥ CdS≥ PbS> CuS> HgS. MnS is even more soluble than 
mackinawite, thus the reaction of MnII with mackinawite proceeds via a sorption reaction, 
similar to MgII and CaII which have also solubility constants of their sulfide phases higher 
than that of mackinawite (Arakaki and Morse, 1993). For less soluble metal sulfides (i.e. NiS, 
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CoS, ZnS, SnS, CdS, PbS, CuS, HgS), their reactions on mackinawite are likely to proceed 
via ion exchange or displacement (also called coprecipitation) of Fe. The degree of ion 
exchange or displacement for Fe in mackinawite is determined by using the partition 
coefficient (D), defined as 
solutionFeMesolidFeMe
)aa()XX(D  22 , where XMe, XFe, 2Mea , 
and 2Fea  are metal and iron mole fractions in the solid and their activities in solution. Figure 
1.6 is a log-log plot of thermodynamic distribution coefficient (Dthermo.), 
)()(. MeSspFeSspthermo KKD  , and solubility product constants. This plot is useful for predicting 
the displacement of Fe in mackinawite by divalent metal ions, suggesting that the higher the 
solubility of metal sulfides the lower the partition coefficient or displacement of Fe in 
mackinawite (Morse and Arakaki, 1993). Note, however, that the coprecipitation or 
incorporation of metal ions in mackinawite is a temporary process, because mackinawite is 
metastable and will not persist in most sediment (Morse and Arakaki, 1993).  
The retention mechanism of aqueous divalent metals is also controlled by the molar ratio of 
the metal ion and mackinawite. For divalent Pb and Cd, when the maximum displacement of 
Fe in mackinawite structure has been reached, the retention of the exceeding metal ions is due 
to  sorption (Coles et al., 2000). Likewise, HgII sorbs at the surface of mackinawite, when  the 
molar ratio is less than 0.05, while precipitation of soluble HgS(s) occurs at a molar ratio > 
0.05 (Jeong et al., 2007).  
Because of its surface properties and FeII content, mackinawite is widely used to reduce the 
toxicity and mobility of Cr and As by sorption and redox reaction (Eary and Rai, 1988; 
Farquhar et al., 2002; Gallegos, 2007; Gallegos et al., 2008; Gallegos et al., 2007; Sedlak and 
Chan, 1997). It is found that Fe+II and S-II in mackinawite play a key role for CrVI reduction 
(Mullet et al., 2004; Patterson et al., 1997). The reduction rate is strongly dependent on the 
solution pH or the speciation of FeII and CrVI. The prevalence of FeOH+ and Fe(OH)2 at high 
pH may increase the reduction rate of CrVI, due to the electron-donating –OH ligands 
stabilizing FeIII and making FeII a more reactive reductant (Wehrli, 1990). At pH >4, the 
coprecipitation of oxidation and reduction products of CrIII and FeIII hydroxide was observed 
(Mullet et al., 2004; Patterson et al., 1997). For As, the reduction of aqueous AsV by 
mackinawite has been observed only, when AsV is sufficiently present to drive the 
thermodynamic conversion (Wolthers et al., 2007; Wolthers et al., 2005b). The redox 
reaction between AsIII and mackinawite has been investigated by Wolthers et al. (2007). 
When  increasing the AsIII concentration, the expected transformation of mackinawite was 
34 CHAPTER I 
 
Page | 34  
 
not observed (Wolthers et al., 2007). However, the reduction of AsIII was followed by a 
precipitation of realgar (AsIIS) (Gallegos et al., 2008; Gallegos et al., 2007). 
 
Table 1.5. Solubility product constants, Ksp, of divalent metal-sulfide complexes at 25 °C. 
Sulfide Complex Ksp
† D (Ksp(FeS)/Ksp(MeS)) 
MnS 3*10-14 - 1*10-11 5.3*10-6 - 1.6*10-8 
FeS 1.6*10-19 1.0 
NiS 1*10-22 - 3*10-19 1.6*103 - 5.3*10-1 
CoS 1*10-22 - 4*10-21 1.6*103 - 4.0*101 
ZnS 2*10-25 8.0*105 
SnS 3.2*10-28 - 1*10-25 5.0*108 - 1.6*106 
CdS 1*10-28 - 1*10-27 1.6*109 - 1.6*108 
PbS 8.9*10-29 - 1*10-28 1.8*109 - 1.6*109 
CuS 6*10-37 - 6.3*10-26 2.7*1017 - 2.5*106 
HgS 1*10-54 - 2*10-53 1.6*1035 - 8.0*1033 
Ref: CRC handbook of chemistry and physics (Lide, 2006); Chemistry, 5th edition, by John Olmsted and Greg 
Williams; solubility constants of metal-ion complexes (1964) (Sillén et al., 1964). †sulfide equilibrium of the 
type: MS(s) + H2O(l) = M
2+(aq) + HS-(aq) + OH- (aq) 
 
Figure 1.6. A log-log plot of the average thermodynamic distribution coefficient of metals 
and sulfide mineral solubilities (based on the values in Table 1.3). 
In this work, I studied the reaction of SnII with mackinawite (with solely divalent Fe content), 
to confirm the sorption of SnII and the potential oxidation of SnII by a mineral phase without 
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the SnII redox partner FeIII minerals. Because of a lower solubility product constant of SnS 
(Table 1.5), the incorporation of SnII in mackinawite via surface ion exchange should be 
feasible. Even the reduction of SnII seems possible due to the higher redox potential, E°, of 
SnII (SnII + 2e-  Sn0; E° = -0.14 V) than that of FeII (FeII + 2e-  Fe0; E° = -0.44 V). 
However, transformation of mackinawite to greigite ( 4
IIIII,
3 SFe ) at low pH (as described in eq. 
1-20) and to green rust (FeII/FeIII hydr(oxide)) at high pH (2FeS + 3H2O + 2OH
- Fe2(OH)5 
+ 2HS- + ½ H2) (Gallegos et al., 2008) may facilitate oxidation of Sn
II. This study employed 
spectroscopic and microscopic methods to verify redox reaction of divalent Sn with 
mackinawite and transformation to secondary minerals of mackinawite. 
 
1.3.3. Sorption Processes and Semi-Empirical Models  
Sorption is a significant process to control the mobility of contaminants by solid surfaces. It 
is defined by the amount of a sorbate that can be sorbed by solid surfaces. This process 
includes adsorption, surface precipitation, and polymerization. Adsorption involves two types 
of physical and chemical forces. The physical forces refer to van der Waals interaction (weak 
electrostatic forces) and electrostatic complexation (via ion exchange), while chemical forces, 
i.e. inner-sphere complexation (via ligand exchange, covalent/ionic bonding, chemisorption 
or specific sorption), are related to the electron configuration (breaking or making bonds).  
An outer-sphere complex is a relatively weak electrostatic association between hydrated 
cation and charged surface (H-bonding). It has exchangeable (reversible) binding capacities, 
can rapidly form, and is affected by the ionic strength of the solution. In contrast, a much 
stronger binding (covalent and/or ionic bonding) is involved in inner-sphere complexation, it 
may be slowly formed with one or more bonds (mono- or polydentate) and is only weakly 
affected by the ionic strength of the solution.  
Sorption can be macroscopically determined by batch equilibrium experiments, and by flow-
through experiments. The latter method can be carried out by passing solution through 
packed sorbent columns. The column size and packing can significantly affect the sorption 
results (an inadequate exposure of the sorbate to all surface groups of sorbent may result from 
column size and packing). These problems are avoided in stirred-flow setups. Batch 
equilibrium experiments are easy and fast to conduct. The sorbent is equilibrated with the 
sorbate. Ionic strength, pH, temperature, and pressure can be measured and controlled. 
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Especially to ease the sorption measurement under anoxic conditions in a glovebox, this 
study applied batch equilibrium experiment to quantify Sn sorption. 
The interaction of chemical species by the minerals in the environment can be described by  
so-called sorption isotherm equations, classified into four main types (C, L, H, and S) 
(Limousin et al., 2007). The C isotherm or distribution coefficient (Kd), the simplest sorption 
isotherm equation, is the linear function, defined as cKx d , where x is the amount of 
adsorbed chemical species per unit mass of solid and c is the concentration of chemical 
species at equilibrium. However, this isotherm can be used to describe sorption data only at a 
very restricted solution concentration range. L and H isotherms, i.e. Freundlich, Langmuir, 
Redlich-Peterson, are a non-linear isotherm. Langmuir model (eq. 1-23, as can be linearized 
to five different linear forms) is commonly used to explain the monolayer sorption, while 
Freundlich model (eq. 1-24) is for multilayer sorption of heterogeneous sorbent. The 
followings are Langmuir (eq. 1-23) and Freundlich (eq. 1-24) equations; 
 
e
em
e bC
bCq
q


1
       (1-23),  
 neFe CKq
1
          (1-24),  
where qe is the amount of sorbate per unit weight of sorbent at equilibrium (μmol/g), Ce is the 
equilibrium concentration (μmol/L), qm is the maximum sorption capacity of sorbent 
(μmol/g), KF ((μmol/g)((L/g)
1/n) and n are constants refering to sorption capacity and sorption 
intensity, respectively, and b is the free energy of sorption constant (L/μmol) which is related 
to the affinity between the sorbent and sorbate by determining the dimensionless separation 
factor, RL, defined as )bC(RL 011  , where C0 is an initial concentration of sorbate 
(μmol/L). The sorption affinity can be determined by using RL value; 0<RL<1 demonstrates a 
high sorption affinity (Hall et al., 1966), while RL = 0 indicates the irreversible absorption. 
The Redlich-Peterson model (Redlich and Peterson, 1959), a combination of Langmuir and 
Freundlich models, illustrates a hybrid sorption mechanism. The equation is given in eq. 1-
25, where A (L/g) and B (L/μmol) are constants and β is an exponent valued between 0 to 1. 
Other modified Langmuir and Freundlich models for multisite or completitive adsorption, 
e.g. Toth, Temkin, have also been proposed in literature. For S isotherm, this isotherm 
predicts cooporative adsorption of non-polar organic compound as well as surfactants (Smith 
and Galan, 1995; Smith et al., 1990).  
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q


1
       (1-25). 
The sorption isotherm equations often provide an excellent description for chemical species; 
nevertheless, information about the chemical reaction mechanism cannot be provided 
(Sposito, 1984). Particularly, under the changing conditions of solution pH, ionic strength, 
redox state, and concentration, the sorption behaviour of chemical species cannot be 
predicted by these isotherm equations. Therefore, chemical surface complexation models (as 
will be described in the next section) have been developed to predict sorption behaviour 
based on defined surface species, chemical reactions, mass balances, and charge balances.  
  
1.3.4. Surface Complexation Models (SCM) 
Diffuse Double-Layer Model (DLM) 
In fact, the diffuse layer model is a surface complex formation plus diffuse layer model. In 
this model, surface complexation reactions of metal ions are formed as coordination 
complexes, only inner-sphere surface complexes can be modeled (ion pair complexes are not 
allowed) (Hayes et al., 1991). The DLM is the simplest model that can be used to describe the 
surface complexation of cations and anions over a range of ionic strength; however, it could 
overpredict the diffuse layer potential at high ionic strengths (Dzombak and Morel, 1990). 
Following equation presents the relationship of surface charge (σ), potential (ψ), and ionic 
strength (I). 
RT)zFψ(I.σσ dd 2sinh117400        (2-26), 
where and are surface charge and potential in the 0-plane, and are surface charge 
potential in diffuse layer, z is ion charge, R and F are gas and Faraday’s constants, and T is 
the absolute temperature (K).  
To model the surface complexation of a specific adsorbing ion, this model requires only three 
adjustable parameters, the surface site density and two surface acidity constants. To formulate 
the surface formation reaction is the most challenge of surface complexation modeling, 
because the wrong surface complex selection triggers SCM failer and a lack of 
comprehension of surface formation of metal ion onto oxide mineral. Nowadays, advanced 
XAS measurement becomes important to justify the local structure of surface complexes that 
leads to the more reliable selected surface reactions. 
0 0 d d
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Charge Distribution – Multisite Surface Complexation (CD-MUSIC) Model 
CD-MUSIC model successfully details the surface structure of metal ions on goethite surface 
(Hiemstra et al., 2007a; Hiemstra et al., 2007b; Hiemstra and van Riemsdijk, 2007). In this 
model, several adjustable parameters are needed, i.e. charge distribution, surface site density, 
surface acidity constants, capacitances. The number of adjustable parameters is dependent on 
the number of crystal surfaces and coordinated reactive sites considered (Hiemstra and van 
Riemsdijk, 1996).  
In this model, the surface complex has a spatial distribution of charge instead of point charge 
(Hiemstra and van Riemsdijk, 1996). The charge distribution of metal ion on the surface or in 
crystal structure can be determined by using valence bond concept of Pauling (1929).  The 
bond valence defined by Pauling is given as: 
CN
zυ          (1-27), 
where z and CN are cation charge and coordination number, respectively. For cation in crystal 
structure such as goethite, FeIII is surrounded by 6 oxygen atoms, the charge distribution to 
each oxygen is 3/6. The charge of oxygen on the surface will be neutralized by the adsorbed 
ions (Hiemstra and van Riemsdijk, 1996). For specifically adsorbing ions, basically, their 
charge distributes over the 0-plane forming inner sphere complexes, whereas electrolyte ions 
attribute their charge over the 1-plane forming outer sphere complexes (Fig. 1.7). More detail 
about the location of charge are given in following subsection as well as the surface structure 
of minerals used in this work and consideration of other adjustable parameters required by the 
model. 
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Figure 1.7.  Schematic representation of charge distribution of metal ions at 0-, 1-, and 2-
plane (modified from Hiemstra and van Riemsdijk (1996)). The first and second complexes 
(from the top) represent inner sphere complexes at doubly and singly coordinated surfaces, 
charge of central ions distributes to surrounding ligands at interface and solution located in 
respectively 0- and 1- plane. The bottom complex of scheme can explain a formation of 
electrolyte ions as outer sphere complexes via electrostatic interaction. C1 and C2 are the 
capacitance at inner and outer layers, respectively. 
 
a) Considerations of reactive surface groups and the constants of protonation reactions 
and ion pairing reactions  
In case of goethite, two groups of singly and triply coordinated surfaces are generally 
accepted as reactive (Hiemstra and van Riemsdijk, 1996; Hiemstra and van Riemsdijk, 2007; 
Rahnemaie et al., 2006). The proton affinity of singly coordinated surface oxygen is higher 
than that of the triply coordinated surface type. Based on Pauling valence concept, the charge 
of FeIII is equally distributed to 6 O with 0.5 valence unit (v.u.) per bond. Therefore, singly 
and triply coordinated oxygen surface can be defined as ≡FeO-1.5 and ≡Fe3O
-0.5. Due to a high 
proton affinity of ≡FeO-1.5, it is always transformed to ≡FeOH-0.5. Doubly coordinated 
oxygens (≡Fe2O
-1) also show a high proton affinity, leading to a fully neutralized ≡Fe2OH, 
which is very stable. Therefore, only singly and triply coordinated surface groups are 
considered in modeling (Hiemstra et al., 2007a). Two different types of triply coordinated 
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surfaces, protonated (≡Fe3OH
+0.5) and nonprotonated (≡Fe3O
-0.5), have been observed at 110 
and 100 faces in Hiemstra and van Riemsdijk (1996). The protonated triply coordinated 
surface (≡Fe3OH
+0.5) has been shown to have a high proton affinity, nearly that of the singly 
coordinated group. For the sake of simplicity, the proton affinity constants (forming inner-
sphere complex) of goethite are in line with pHPZC values and will be set equal for both 
considered surface types. 
Electrolyte ions, e.g., Na+ and Cl-, are electrostatically attracted to the surface and 
form outer sphere complexes (eq. 1-28 and 1-29). Table 1.6 lists the affinity constants of 
electrolyte ions found in literature.  
 บบ CFeOHCFeOH 0.50.5       (1-28). 
 บบ AFeOHAHFeOH 0.52
0.5      (1-29). 
 
b) Surface site density (SSD) 
Because the interfacial reaction of metal ions predicted by CD-MUSIC is determined 
by the type and number of surface groups, surface site density is related to the presence of 
different crystal planes. Therefore, surface site density should be derived from 
crystallographic data. In the goethite structure, the dominant faces of 110, 100, 021, and 001 
have been determined. Hiemstra et al. (2007) (Hiemstra et al., 2007a) suggested that in 110 
face (~90% abandance) there are one row of singly (SSD = 3 nm-2) and one row of doubly 
coordinated surface groups, and three rows of triply coordinated surface groups including one 
row of low proton affinity (≡Fe3OII, SSD = 3  nm
-2) and two rows of high proton affinity 
(≡Fe3OIH, SSD = 6  nm
-2), see Figure 1.8. Faces of 021 and 001 (~10% abundance) at the tip  
of goethite needles have an equal surface site density of singly and doubly coordinated 
oxygens of about 7 – 8 nm-2 (Hiemstra and van Riemsdijk, 1996). Accordingly, it can be 
assumed that surface site densities of singly and triply coordinated surface groups are 3.45 
(90% (110)/(100) + 10% (021)/(001)) and 2.7 nm-2, respectively (Hiemstra et al., 2007a). A 
more detailed description can be found in Hiemstra et al. (1996) (Hiemstra and van 
Riemsdijk, 1996). 
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Table 1.6. Charge location and log K values of interaction reactions of electrolyte ions and 
proton at goethite surface.  
Surface species ∆z0 ∆z1 ∆z2 Log K 
≡FeOH-0.5 0 0 0 0 
≡Fe3O
-0.5 0 0 0 0 
≡FeOH2
+0.5 1 0 0 9.2 (PZC) 
≡Fe3OH
+0.5 1 0 0 9.2 (PZC) 
≡FeOH-0.5–Na+ 
0 
0 
1 
0.59 ± 0.07 
0 
0.41 ± 0.07 
-0.61 ± 0.03 (a) 
-0.38 ± 0.08 (b) 
≡Fe3O
-0.5 –Na+ 
0 
0 
1 
0.59 ± 0.07 
0 
0.41 ± 0.07 
-0.6 (a) 
-0.38± 0.08 (b) 
≡FeOH2
+0.5–Cl- 1 -1 0 8.75 (a) 
≡Fe3OH
+0.5–Cl- 1 -1 0 8.75 (a) 
≡FeOH-0.5–Cl- 
0 
0 
-1 
-1 
0 
0 
-0.53 ± 0.02 (b) 
-0.44 ± 0.03 (a) 
≡Fe3O
-0.5 –Cl- 
0 
0 
-1 
-1 
0 
0 
-0.53 ± 0.02 (b) 
-0.44 ± 0.03 (a) 
 (a) Rahnemaie et al. (2007), Log K values were obtained from data fitting using C1 =C2 = 0.92 F/m
2; (b) 
Rahnemaie et al. (2006), Log K values were obtained from the data fitting using C1 = 0.98 and C2 = 0.73  
 
 
Figure 1.8. Goethite structure showing 110 and 100 faces (modified from (Hiemstra et al., 
2007a)) with singly (S), doubly (D), and triply (T) coordinated surface groups. The super cell 
was constructed by Avogadro.  
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c) Capacitances 
This variable gives the capacitance of the layer between the 0 and the 1-plane (C1, 
inner layer capacitance) and between the 1- and the 2-plane (C2, outer layer capacitance), see 
Figure 1.7. The relationship between two layer capacitances is expressed as follows 
(Hiemstra and van Riemsdijk, 2006): 
21
111
CCC
          (1-30), 
in which the capacitance is defined as  
i
r,i
i
d
εε
C 0          (1-31), 
where C1 and C2 (F.m
-2) are the capacitances at inner and outer layer, respectively. C is the 
overall capacitance. rε  is the relative permittivity implied the structured water at each layer. 
It is found that the water at the second layer is less structured, the value of 2r,ε  is considered 
as 78, while in the inner layer 1r,ε  is about 6 due to a structured water layer (Hiemstra and van 
Riemsdijk, 2006). 0ε  (8.85e
-12 F.m-1) is an absolute permittivity. id  is the distance between 
two electrostatic planes (Hiemstra and van Riemsdijk, 2006). Based on the preferred values 
of parameters reported in Hiemstra et al., the calculated overall capacitance is about 0.16 F.m-
2. However, for the crystallized goethite, the overall capacitance is of about 0.9 F.m-2 and the 
capacitance of outer layer (C2) has been suggested as 5 F.m
-2 (Hiemstra and van Riemsdijk, 
1996). Therefore, to have the overall capacitance at 0.9 F.m-2, the capacitance at inner layer 
(C1) is ~1.1 F.m
-2. 
 
d) Surface Charge  
It is assumed that inner sphere complexes have a spatial charge distribution. This 
means that ion charge of adsorbed metal attributes to neighboring ligands including surface 
(0-plane) and solution (1-plane) ligands. Based on the bond valence of Pauling concept, the 
charge tends to equally distribute over surrounding ligands. Thus, the distribution of 
adsorbing ion charge to the surface ligands can be determined as a fraction (f), known as CD 
value, eq. 1-34. The rest of metal ion charge will be attributed to the solution ligands at 1-
plane (1-f) (Hiemstra and van Riemsdijk, 1996). The ion charge introduced to inner layer (0-
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plane) and outer layer (1-plane) can be expressed according to the overall charge distribution 
coefficients (z0 and z1) (Bourikas et al., 2001): 
MeHH fzzΔnΔz 0         (1-32), 
 j jjMe zmf)z(Δz 11        (1-33), 
in which the factor   based on Pauling bond valence concept is defined as 
 Menυf           (1-34). 
where n is the number of surface ligands (n = 1 for monodentate complex) and Meυ is the 
bond valence of adsorbed ion. HΔn  is the number of proton involved in the surface reactions, 
its value can be positive, zero, or negative, Hz is the valence or charge of proton, and Mez  is 
the charge of specific adsorbing ion. In case of formation of a bidentate complex of Sn(OH)2
 
on ≡FeOH-0.5 surface,    is 0.5, because of two common surface ligands of total surrounding 
four ligands.  j jj zm is the sum of charge of solution ligands.  
However, the dipole orientation of water results in a small redistribution ( 0 ) of ion 
charge on the surface (Hiemstra and van Riemsdijk, 2006). Therefore, the ion charge 
introduced in the 0- and 1-plane can be expressed as follows (Hiemstra et al., 2007a; 
Hiemstra et al., 2007b; Hiemstra and van Riemsdijk, 1996; Hiemstra and van Riemsdijk, 
2006): 
000 0
 Hnnz         (1-35), 
011 1
 Hnnz         (1-36). 
The correction term is defined as (Hiemstra and van Riemsdijk, 2006); 
  )( ..00 0 refrefH znnn       (1-37) and 
 
111 H
nn            (1-38), 
where 0  is ionic charge introduced to the surface by the sorption of metal ion ( 0n or Mefz in 
eq. 1-32) and additional protons (
0H
n or 
HH zn in eq. 1-32), .refn is the number of reference 
surface, and .refz  is the reference surface charge.   is proportionality factor ( =0.17) 
(Hiemstra et al., 2007b; Hiemstra and van Riemsdijk, 2006). For example, according to the 
sorption reaction of Sn4+ on mixed coordinated surface groups forming a bidentate complex; 
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บFe3O
-0.5 + บFeOH-0.5 + Sn4+ + 2H2O→ (บFe3O)(บFeOH)Sn(OH)2
-
 + 2H
+, the correction term 
of 0 , based on Hiemstra and Riemsdik, is calculated by assuming the hexa-coordination of 
Sn4+ which is coordinated with two surface ligands, around 2/6 of ion charge will be 
attributed to the surface leading to the 0  value of (4*2/6) + 0 + (2*-0.5) = +0.33. Thus, the 
charge distribution at the inner layer is (4*2/6) + 0 – (0.17*0.33) = 1.33-0.06 = 1.27. Due to 
10 nn  = 4, 1z  is then (4-(4*2/6)) + (2*-1) + (0.17*0.33) = 0.67 + 0.06 = 0.73. 
Hiemstra and van Riemsdijk (2007) also presented the effect of electron transfer on 
the value of charge distribution. Therefore, the following charge distribution coefficients, 0z
and 1z , can be written; 
000 0
 He nnnz        (1-39), 
by using 10 nn   = oxidation state of metal ion after electron transferring, or 10 nnne   = 
oxidation state of metal ion before electron transferring. Nevertheless, the charge distribution 
value based upon the Pauling concept is not always reliable. An alternative approach is 
necessary such like the Brown bond valence concept being used to perform actual charge 
distribution. The expressed eq. 1-40 describes the relationship between bond length (r) and 
bond valence (s) (Brown and Altermatt, 1985); 
 B
rr
es
)( 0
          (1-40), 
where   is a constant (B = 37 pm), r0 is element specific parameter, in this case it could be 
the sum of bond valences around adsorbed ion. The value of r0 can be considered from the 
average Me-O or Me-OH distance of structure optimized with molecular orbital calculations 
applying density functional theory (MO/DFT) in comparison with the value found for 
minerals.
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2.1. Mineral Synthesis and Characterization 
2.1.1. Magnetite (Fe3O4)  
All reagents employed in this synthesis were puriss (≥98.5% purity) and p.a. grades supplied 
by Sigma-Aldrich (FeCl2.4H2O and FeCl3.6H2O), Carl Roth (~30% p.a., ACS, NH4OH and 
≥99.5% p.a., ACS, NaCl), and Merck (≥99% CaCl2). The preparation was performed under 
anoxic condition with oxygen level <2 ppmv in a Jacomex glovebox. Deionized water was 
degassed by heating and purging with N2 for at least 3 hours.  
Magnetite was produced by adding 60 mL of 6 M NH4OH into 50 mL of a mixture of 0.4 M 
FeII/ 0.8 M FeIII chloride solution (molar ratio FeII/FeIII of ½). After precipitation, the pH 
measured in suspension was 9.63, and the redox potential was -0.462 V, in line with the 
values of nanoparticulate magnetite (Vayssières et al., 1998). Thereafter, the black sediments 
were first washed using 0.025 M CaCl2, then several times with 0.01 M NaCl. The 
nanoparticulate magnetite was stored as suspension in 0.01 M NaCl until used for the 
sorption experiments.  
Particle size dispersion and particle imaging of magnetite were undertaken with a Titan 80-
300 (FEI) transmission electron microscope (TEM). The bottom slurry was dispersed in 
ethanol, deposited on Cu grid and then dried overnight in the glovebox. Samples were 
brought to the TEM under N2-atmosphere; the Cu grid was then quickly transferred (< 1 min) 
to the TEM sample holder in order to minimize contact with the atmosphere. The TEM image 
(Fig. 2.1) shows spherical particles with an average diameter of 9.4 nm (statistically scaled by 
Semafore software) and a good dispersion and narrow size distribution. The average particle 
diameter is slightly smaller than that of another study using a similar recipe, where 10 nm 
were found with TEM and 10.6 nm were found with high energy X-ray scattering Pair 
Distribution Function analysis (Scheinost et al., 2008).  The specific surface area (SSA) is 83 
m2/g determined by the BET method using N2 and a SA 3100 instrument (Coulter), and in 
spite of the slightly smaller average particle diameter than that of this previous study (110 
m2/g). 
46 CHAPTER II 
 
Page | 46  
 
The sample for the X-ray diffraction (XRD) measurement was also prepared under N2 
atmosphere.  Dried sample powder was dispersed on transparent sticky tape and then covered 
by another piece of sticky tape to ensure a sealed enclosure, and was then transferred to XRD 
under N2 atmosphere. A STOE STADIP diffractometer operating in transmission mode with 
Mo Kα1 radiation (λ= 0.07093187 nm) was used. The sample was scanned in the range 2θ = 
10 to 50°, with a step size of 2θ = 0.01° and time per step between 25 to 60 s. The XRD 
pattern (Fig. 2.2) as well as the electron diffraction pattern (Fig. 2.1C) show the presence of 
magnetite and the absence of any other crystalline impurity. The Rietveld refinement of the 
XRD pattern conducted with the X’Pert HighScore Plus software provided a unit cell length 
of 8.3872±0.0004 Å. Using the linear relationship between the unit cell length, a, and the 
magnetite FeII/FeIII molar ratio, Xd, of a = 0.108Xd + 8.341 (Gorski and Scherer, 2010), a 
substoichiometric FeII/FeIII ratio of 0.43 was obtained (Fig. 2.2).  
A 57Fe Mössbauer spectrum of magnetite was recorded at room temperature by using a 
standard Mössbauer spectrometer (WissEl) with 57-Co(Rh) source, and a proportional gas 
flow counter (He/methan). The experimental spectrum (shown as dots) was deconvoluted 
(shown as red line) using three sextet contributions (Fig. 2.3; corresponding hyperfine 
parameters are given in Table 2.1). Sextet 1 (green) corresponds to FeIII in tetrahedral sites of 
magnetite (Larese -Casanova et al., 2012). Sextet 2 (blue) corresponds to both FeII and FeIII in 
octahedral sites of magnetite with an average valence of +2.5 because of the fast electron 
hopping at room temperature, i.e. above the Verwey transition. Based on the relative area of 
these two sextets, an XMS of 0.5 is derived, indicative of stoichiometric magnetite (Latta et 
al., 2012b). Fitting a third sextet (light blue) further improved the fit; the lower hyperfine 
magnetic field may suggest presence of an oxidized surface of magnetite due to the 
measurement, where oxygen exclusion could not be fully ascertained. This would also be in 
line with the substoichiometry of the sample as determined by XRD, which might not beable 
to resolve such a surficial oxidation of magnetite particles and would hence give an average 
unit cell dimension and average stoichiometry.   
Magnetite is an amphoteric solid, its actual surface charge depending on pH (Illés and 
Tombácz, 2003). In an arbitrary electrolyte solution, once a particle moves a thin liquid layer 
will move along with the particle. The slip plane is defined as the layer between the moving 
and stationary liquid. The zeta potential is the potential in slip plane. To investigate the 
isoelectric point (IEP) of the magnetite sample, where no movement of particles occurs (zeta 
potential is zero), the zeta potential (electrokinetic surface potential) of suspended magnetite 
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in various concentrations of background electrolyte solution, NaCl, was measured at the pH 
range 4.5 to 10 by using a Malvern Instruments Zetasizer  nano ZS. Particles in the 
suspension were dispersed with an ultrasonic homogenizer (Model Sonoplus, Bandelin, DE) 
with 20 kHz homogeneous sounds. Then, each colloid sample was filled into the sample cell, 
and placed into the zeta-sizer instrument as fast as possible to avoid sedimentation. Most of 
procedures were carried out under anoxic condition in the glovebox. As can be seen in Figure 
2.4, the plot between zeta potential and pH suggests an isoelectric point (IEP) of pH ~6.7. 
 
 
Figure 2.1. TEM photographs (A and B), electron diffraction pattern (C), and averaged 
particle size and distribution of nano-particulate magnetite sample (D). 
C 
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Figure 2.2 Rietveld refinement (blue line) of experimental powder diffraction pattern (red 
line) of synthesized nano-magnetite, along with the deviation of the refinement (bottom). 
 
 
Figure 2.3.  Mössbauer spectrum of synthesized nano-magnetite measured at room 
temperature. 
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Table 2.1. Mössbauer parameters of nano-magnetite sample. 
 ARE(%) WID (mm/s) ISO (mm/s) QUA (mm/s) BHF (T) 
Sextet 1 
tetFe(+3) 
29.6 0.72 0.33 0 47.4 
Sextet 2 
octFe(+2.5) 
59.1 0.72 0.53 0 44.0 
Sextet 3 
octFe(+3) 
11.3 0.72 0.51 -0.01 39.3 
ARE, relative spectrum area; WID, line width (set equal for all subspectra); ISO, isomer shift in relation to metallic Fe; 
QUA, quadrupole splitting; BHF, hyperfine field. 
 
Figure 2.4. Zeta potential of magnetite sample in different background electrolyte 
concentrations of 0.01, 0.05, and 0.1 M NaCl. 
 
Determination of surface site density and surface acidity constants  
Surface site density and the acid-base properties of magnetite were investigated by fast 
backward titration. A 2 g/L magnetite suspension was first acidified by using 0.1 M HClO4 
until the pH reached 2 and then titrated backward by using 0.1 M NaOH. The suspension pH 
was measured after an addition of basic solution every 2 to 3 min. This reverse acid titration 
is to return the original pH of suspension (Hayes et al., 1991). The surface site density of 
nano-magnetite was determined by using (Mayant et al., 2008):  
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where Nsites is the surface site density (sites/nm
2), Ctitrant is the titrant concentration, (V2-V1) is 
the difference between the two crossing points in the plot of Gran’s function versus added 
volume of NaOH, NA represents Avogadro’s number, m is the magnetite mass (g) in 0.01 M 
NaCl, and S is the specific surface area (m2/g). 
The Gran’s function can be calculated by using eq. 2-2 and 2-3 (Michel et al., 2005): 
pH
addedin1 10*)V(VF
   , for pH < 7.0      (2-2), 
wpK-pH
addedin21 10*)V(VF    , for pH > 7.0      (2-3), 
where Vin and Vadded are an initial volume of suspension and volume of 0.1 M NaOH added, 
respectively.  
V1 and V2 can be obtained by linear analysis of data calculated from F1 and F2, respectively. 
Figure 2.5 shows the plot of Gran’s function and volume of base solution addition (0.1 M 
NaOH). The surface site density calculated from eq. 2-1 employing V1 and V2 values of 
8.141 and 8.154, respectively, is 4.7 sites/nm2. The influence of magnetite dissolution on 
surface site density can be neglected under the chosen experimental conditions (Mayant et al., 
2008).  
Fast backward titration data was also used to determine surface acidity constants (Hayes et 
al., 1991; Mayant et al., 2008). The assumed protonation and dissociation reactions of the 
surface functional group are given in eq. 1-5 and 1-6, and the thermodynamic equilibrium 
constants are described in eq. 1-7 and 1-8. The acid-base titration plot in Figure 2.6 was used 
to estimate surface acidity constants of magnetite (K+ and K-) on the basis of scheme shown 
in eq. 1-7 and 1-8. Titration behavior of DLM (eq. 2-4) was implemented in the SCM. The 
plot of Ca-Cb (Ca and Cb represent a concentration of acid and base solutions) versus pH was 
used to compute the titration behaviour of DLM (Hayes et al., 1991) by using PHREEQC in 
combination with PEST (parameter estimation program). The optimized logarithm of surface 
acidity constants (log K+ and log K-) are 4.33 and -9.16, which are in fair agreement with the 
surveyed values in literature (Blesa et al., 1984; Duro et al., 2004; Missana et al., 2003a; 
Philippini et al., 2006).  
Ca-Cb = [Magn_sOH2
+] – [Magn_sO-] + [H+] – [OH-] = TOTH+   (2-4). 
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Fe solubility 
Fe solubility of magnetite was carried out by determining dissolved FeII and FeIII in solution 
by spectrophotometry using Ferrozine (as will be described in section 2.5) and ICP-MS 
(section 2.7). Into 10 mL of 0.2, 0.4, 0.5, and 2 g/L nano-particulated magnetite suspended in 
0.01 M NaCl, I added 0.025, 0.050, 0.150, 0.300, 0.600 and 1 mL of 0.1 M HClO4 or 0.025, 
0.050, 0.150, 0.300, 0.600 and 1 mL of NaOH (to obtain for each suspension concentration 
12 different samples), plus one sample without any addition of acid or base. Then, the final 
volume of each sample was made up to 35 mL; the final solid/solution ratio is, therefore, 
0.06, 0.11, 0.14, and 0.57 g/L (Table 2.2). All samples were constantly shaken for 24 h. After 
that, the suspension pH was measured before the supernatant was separated from the solid 
phase. Dissolved FeII in solution was immediately examined colorimetrically using Ferrozine. 
Total dissolved Fe (FeII and FeIII) was determined by ICP-MS (section 2.7).  
It shows that below the PZC magnetite solubility increases and FeII remains in solution (Fig. 
2.7). The release of FeII from the surface of magnetite may induce a transformation to 
maghemite (Fe2O3) as described in eq. 1-10 (Jolivet and Tronc, 1988; White and Peterson, 
1996; White et al., 1994). Lower dissolved Fe concentrations detected at pH range 7 to 12 are 
due to the flocculation and precipitation of its hydrolysis products (Pang et al., 2007; 
Tremaine and LeBlanc, 1980).  
 
Figure 2.5. Gran’s function versus volume of added NaOH used to determine V1 and V2 for 
magnetite surface site density calculation (2 g/L magnetite in 0.01 M NaCl, pH 2 to 12).  
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Figure 2.6. Acid-base titration plot of magnetite (eq. 2-4) and corresponding DLM fit (2 g/L 
nano-magnetite in 0.01 M NaCl at room temperature). 
 
Figure 2.7. Fe solubility of magnetite as a function of pH at different suspension 
concentrations investigated by using Ferrozine reagent (equilibration time 24 h).  
 
2.1.2. Goethite (α-FeOOH)  
Goethite was prepared by using the method of Schwertmann and Cornell (2000). As 
expected, rod-like or needle-shaped goethite crystallites were obtained (TEM with Titan 80-
300 FEI) (Fig. 2.8A). The selected area electron diffraction (SAED) pattern (Fig. 2.8 (a1 and 
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a2)) and the XRD pattern (Fig. 2.9), analyzed with a Diffractometer D8 (Bruker-AXS) in 
THETA-THETA geometry with curved PG-Secondary Monochromator equipped with Cu X-
ray tubes (0.154 nm / 8.042 keV), clearly indicate the phase identity. The specific BET 
surface area, determined by a SA 3100 instrument from Coulter after outgassing the sample 
for 8 h at 100°C to remove adsorbed water and gases, was 23.3 m2/g. Atkinson et al. (1968) 
have well established the relationship of shape, size, and surface area of goethite (Fig. 1.3).  
According to them, the specific surface area of the synthesized goethite is more or less in line 
with star shaped twin crystals, which has a higher solubility per unit area than acicular 
crystals. The dissolution behavior can be intermediate between that of amorphous ferric 
hydroxide and crystalline goethite (Cornell et al., 1974). Figure 2.10 shows a fairly consistent 
dissolution behavior of goethite (by the identical method as for magnetite dissolution using 
ICP-MS measurement) which is much lower than that of magnetite (Fig. 2.10, inset). 
 
 
A 
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Figure 2.8. TEM photograph (A), SAED pattern of goethite sample examined at the area a1 
and a2 shown in A. 
a1 
a2 
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Figure 2.9. X-ray diffraction spectrum of goethite sample. 
 
Figure 2.10. Dissolution of 2 mL of 2 g/L goethite at pH range 2 to 12, determined by ICP-
MS after 24 h equilibration and (inset) a comparison of dissolved Fe in goethite and 
magnetite.  
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2.1.3. Mackinawite (FeS) 
Most chemicals used for this synthesis were puriss grade and were supplied by Merck. The 
preparation was carried out in the O2-free glovebox. Deionized water was degassed by 
purging with N2 gas for at least 3 hours before being used in the experiment. To synthesize 
mackinawite, 0.3 M Fe(NH4)2(SO4)2.6H2O and 0.3 M Na2S.xH2O were mixed with the molar 
ratio of 1 (Michel et al., 2005; Rickard, 1969; Wolthers et al., 2005a; Wolthers et al., 2003). 
After precipitation, the suspension was filled in the centrifuge tubes, tightly capped, and 
centrifuged for 5 minutes at 8270 rpm (8800 g). Supernatant was decanted. To minimize the 
oxidation of sulfide and to remove the electrolytes, the bottom slurry was re-suspended three 
times in 45 ml of 1 mM Na2S.xH2O (Michel et al., 2005). After those steps were completed, 
mackinawite sample was eventually re-suspended in electrolyte solution of 0.01 M NaCl for 
later use in sorption experiments. 
The specific BET surface area of mackinawite determined by using freeze-dried samples is 
extremely low (~0.069 m2/g, the sample was outgassed at 100°C for ~3 hours), suggesting 
strong aggregation of mackinawite particles. Therefore, we determined the surface area from 
TEM measurement. For this, the bottom slurry was dispersed in ethanol, deposited on Cu grid 
and then dried overnight in the glovebox. Samples were transferred in tightly capped vials to 
the TEM and exposed to the atmosphere for less than one minute during the sample transfer 
into the TEM sample holder. The surface area estimated from HRTEM is 333 m2/g 
determined by using mackinawite density 4.28 g/cm3, length 28 nm, and thickness 1.56 nm. 
The d-spacing at 5.2 Å (Fig. 2.11B) corresponds to surface highly prominent (001) lattice 
planes of flake-like nanoparticles of mackinawite (Fig. 2.11A), in accordance with Ohfuji and 
Rickard (2006). 
X-ray diffraction was used for phase identification of dried FeS (Fig. 2.12). Dried powder of 
mackinawite was filled in tightly capped vial for transportation, and then deposited 
immediately over a low-background Si wafer; however, no special protection against 
oxidation by the atmosphere could be made during the XRD measurement. XRD was 
conducted using a D8 Bruker-AXS in THETA-THETA geometry with curved PG-Secondary 
Monochromator and Cu X-ray tubes (0.154 nm / 8.042 keV) in the step size of 0.050°, 
measuring time per step of 21 to 54 seconds, sample rotation of 15 rot/min, and X-ray tube-
operating data of 40 kV, 40 mA for phase identification. The one-millimeter slit of the beam 
path was imposed horizontal as well as the two-millimeter scatter slit. Each reflection 
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spectrum and crystallize sizes were fitted and calculated by the program from Bruker (Profile 
version 1.07). High Energy X-Ray Scattering (HEXS) was additionally used to confirm the 
phase identity (Fig. 2.13). The sample was stored under anoxic condition and transferred to 
ESRF (Grenoble, France) for the measurement. The pattern is largely in line with 
mackinawite. The line broadening is due to the nanoparticulate nature of the mackinawite 
sample in accordance with XRD (Fig. 2.12). It should, however, be noted that the existence 
of the reflection peak at 2Θ=25 (Fig. 2.12) demonstrates the presence of greigite (Fe3S4) 
which can form under anaerobic conditions (Gallegos et al., 2008; Hunger and Benning, 
2007).  
The chemical composition of a freeze-dried FeS sample was analyzed by energy dispersive 
X-ray spectrometry (EDX) using a BRUKER EDX detector attached to a LEO 1530 scanning 
electron microscope (SEM).  The freeze-dried powder was filled in a tightly capped vial for 
transportation and quickly dispersed on a carbon tab sample holder. As shown in Fig. 2.11D, 
the EDX spectrum analyzed from the selected area (Fig. 2.11C) using the Bruker AXS 
Microanalysis software shows 49.5 atom-% of Fe and 50.5 atom-% of S, very close to the 
expected stoichiometry of mackinawite (FeS). Since NaS.xH2O was used for the synthesis, a 
very small amount of Na was also detected (not shown). 
 
 
A 
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Figure 2.11. (A) Bright-field TEM, (B) HRTEM image (both ethanol dispersed samples, and 
(C) SEM image, and (D) EDX analysis from the selected area.  
 
Figure 2.12.  XRD pattern of mackinawite sample. “G”  marks a refelction of greigite. 
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Figure 2.13. HEXS spectrum of mackinawite sample. 
 
2.2. SnII Sorption Experiments 
Sorption of SnII onto selected minerals was studied as a function of pH, SnII loading, and 
time. The following steps explain the batch sorption experiment: 
i. In order to obtain a well-dispersed suspension, dried powder of goethite was 
suspended in 0.01 M NaCl and constantly shaken for at least 24 h on a mechanical shaker. 
For magnetite and mackinawite, this step was not necessary, because they were already 
stored as suspension in 0.01 M NaCl after washing.   
The suspensions were diluted with 0.01 M NaCl to obtain 10 mL with the 
required solid concentration (Table 2.2-2.4). The suspension pH of each sample was adjusted 
to the required pH using 0.01 and 0.1 M of NaOH and HClO4. Then all samples were 
equilibrated by vigorously shaking in the glovebox. After 24-h, the suspension pH was again 
measured and re-adjusted if necessary. The redox potential of the suspension samples was 
measured by using a combined iPt-ring electrode in reference electrolyte (3 M KCl), supplied 
by Metrohm. To obtain the absolute potential, the measured potential was converted using the 
following relationship: Uabsolute = Umeasured + Ureference, where Uabsolute is the absolute potential, 
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Umeasured is the measured potential, and Ureference is the potential of the reference system, which 
is 207 mV at 25°C. 
ii. SnCl2.2H2O (99.995%, Sigma-Aldrich) was used to prepare a 10 µM Sn
II stock 
solution (pH ~3.4), which was always freshly prepared for every sorption experiment. For 
Sn-sorbed magnetite, sorption was systematically studied as a function of SnII loading across 
the pH range 2 to 12. To achieve different loadings of SnII/magnetite, 25 mL of SnII solution 
was added to 10 mL of different concentrations of pH-adjusted magnetite suspension (from 
the previous step), i.e. 2, 0.5, 0.4, and 0.2 g/L (Table 2.2). After all additions, the suspension 
pH of all samples were measured and readjusted (if need), and then the sample tubes were 
tightly capped and constantly shaken for 24 h in the glovebox. The series of SnII-magnetite, 
SnII-goethite, and SnII-mackinawite sorption samples are listed in Table 2.2 to 2.4. 
iii. After attaining 24-h equilibrium (for pH series), the suspension pH and redox 
potential of all samples were again measured. Sn uptake kinetics were measured from 30 
minutes to 5 months at pH values of 2, 6.5, 8, and 12 for 12.5 µmol/g Sn-sorbed magnetite 
(Table 2.2) and from 1.25 to 111.25 days at pH 8 for 12.5 µmol/g Sn-sorbed goethite (Table 
2.3). Then, all suspension samples were centrifuged to separate wet-pastes (used for XAS 
measurements, see below) from the supernatant. The clear supernatant was subsequently used 
to determine the total dissolved Sn and Fe remaining in solution by ICP-MS (section 2.7), 
while dissolved FeII was immediately examined by spectrophotometry using Ferrozine 
reagent (absorbance at 562 nm, see section 2.5). SnII remaining in solution was determined by 
voltammetry (as will be described in section 2.6) (Lejeune et al., 1996).  
iv. The sorption data were plotted as logarithm of the distribution coefficient (Rd, 
mL.g-1):  
       (2-11), 
where m/V is the solid and liquid ratio in g/mL, and Cini and Ce are Sn
II concentrations at 
initial and equilibrium, respectively, in µmol/L. 
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Table 2.2. Series of SnII-magnetite sorption samples. 
Sn loading 
 
[SnII] * 
 
[Suspension]* 
 Reaction 
time  
 
pH 
µmol/g   µM  g/L  Days  - 
0  0  0.57  1  2 – 12 
0  0  0.14  1  2 – 12 
0  0  0.11  1  2 – 12 
0  0  0.057  1  2 – 12 
12.5 (XAS)  7.1  0.57  1  2 – 12 
12.5  7.1  0.57  150  2 – 12 
12.5  7.1  0.57  0.01 - 180  2 
12.5 (XAS)  7.1  0.57  0.01 - 180  6.5 
12.5  7.1  0.57  0.01 - 180  8 
12.5  7.1  0.57  0.01 - 180  12 
50  7.1  0.14  1  2 – 12 
50  7.1  0.14  3  2 – 12 
50  7.1  0.14  8  2 – 12 
62.5  7.1  0.11  1  2 – 12 
100 (XAS)  9.5  0.095  1  7.5 
125  7.1  0.057  1  2- 12 
* After all additions 
 
Table 2.3. Series of SnII -goethite sorption samples. 
Sn loading  [SnII] *  [Suspension]*  Reaction time   pH 
µmol/g   µM  g/L  Days  - 
12.5  7.1  0.57  1  2 – 12 
12.5  7.1  0.57  1.25 – 111.25  8 
12.5 (XAS)  7.1  0.57  1  3.1, 5.6, 7.0, 9.0 
12.5 (XAS)  7.1  0.57  98  7.0 (7.9) 
62.5  9.3  0.148  1  2 – 12 
100 (XAS)  9.5  0.095  1  7.2 
325 (XAS)  9.8  0.030  1  7.1 
* After all additions 
 
Table 2.4. Series of SnII -mackinawite sorption samples. 
Sn loading  [SnII] *  [Suspension]*  Reaction time  pH 
µmol/g  µM  g/L  H  - 
12.5 (XAS)  7.1  0.57  24  5.7, 7.0, 7.7, 9.1 
12.5  7.1  0.57  24  5.3 – 11.2 
* After all additions 
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2.3 XAS  Analysis 
2.3.1 Sorption samples 
Samples for X-ray absorption near-edge structure (XANES) and extended X-ray absorption 
fine-structure (EXAFS) measurements were prepared by filling wet pastes (as prepared by the 
procedure described in the previous section) into Kapton-covered polyethylene sample 
holders inside the anoxic glovebox, and then immediately flash-frozen in liquid N2 (LN2). 
The frozen samples were transported under LN2 to the Rossendorf Beamline (ROBL) at 
ESRF (Grenoble, France). For the measurements, the samples were rapidly transferred to a 
closed-cycle He cryostat to maintain the frozen state. XANES and EXAFS spectra were 
collected at 10-15 K in fluorescence mode at the Sn-K edge (29200 eV) using a 13-element 
high-purity Ge detector and Pt-coated mirrors for vertical beam collimation and rejection of 
third-order harmonics. The synchrotron operated at 6 GeV and 200 mA. Monochromatization 
was done with a double crystal monochomator using two Si(111) crystals in fixed-exit mode. 
The crystal-specific energy resolution at this energy (ca. 4 eV) is inferior to the element-
specific, intrinsic core-hole life-time widening of Sn-K (8.5 eV). 
XANES and EXAFS data analysis was performed with standard procedures using SixPACK 
(Webb, 2005) for energy correction, dead time correction, and averaging of several scanned 
spectra per sample, and WinXAS (Ressler, 1998) for background correction, normalization of 
the corrected background spectrum, conversion of the absorption spectrum from k space into 
R space, cubic spline fit, and calculation of the Fourier transform of the spectrum. XAS shell 
fitting was also done by WinXAS using theoretical phases and amplitudes (FEFF). FEFF 
calculations were done using atomic clusters based on the structures of Fe2.8O4Sn0.2 (amcsd 
0012016), SnIIO (romarchite), SnIVO2 (cassiterite, amcsd 0009406), Sn
IIS (herzenbergite, 
amcsd 0011463), SnIVS2 (berndtite, amcsd 0018172), [Sn5S9O2][HN(CH3)3]2 and 
mackinawite. In the latter structure, the central Fe atom was replaced by Sn as absorber. 
Information including distance (R), coordination number (CN), temperature factor (σ2), and 
type of coordinating atom was extracted from EXAFS spectrum by fitting the experimental 
spectra using the theoretical FEFF-derived paths. The shell fit was done in R-space using a k3 
weighting. The parameter of S0
2 was fixed at 1 based on fits of reference spectra from 
compounds with known structure.  
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2.3.2 Reference Samples 
Crystalline SnIIO (romarchite), SnIVO2 (cassiterite), and Sn
II,IV
2S3 (ottemannite) were 
purchased from Sigma-Aldrich (note that Sn2S3 was purchased as SnS). Yellowish Sn
IVS2 
was synthesized using the method given in Chaki et al. (2013). The chemical composition of 
this sample (Fig. 2.14) as determined by EDX (see section 2.1.3) is SnS1.7. Its structure 
corresponds to berndtite as revealed by the EXAFS shell fitting analysis (see below). As 
reference for the Sn2+ aquo complex, a 2 mM SnII solution at pH 1.3 was prepared by 
dissolving SnCl2.2H2O in 0.05 M HNO3. A 1 mM Sn
IV aquo reference was prepared by 
dissolving SnCl4.5H2O in degassed H2O and adjusting the pH to 12 with 0.1 M NaOH. 
According to Figure 1.2, this complex should correspond to the species Sn(OH)6
2-. 
A Sn-substituted magnetite sample was prepared by co-precipitation using the same Fe 
chloride solutions as for the pure magnetite, plus 10 µM SnII solution, which were then 
rapidly added to 6 M NH4OH. The suspension was heated to boiling for 3 hours under 
vigorous stirring and then washed several times. In the obtained phase 0.05 atom-% of Fe are 
replaced by Sn as determined by atomic absorption spectroscopy (AAS) using ZEEnit 600s 
(Analytik Jena AG) after total digestion.  
To obtain a SnII sorption reference, redox-inert anatase (MTI) with a BET surface area of 305 
m2/g and an isoelectric point (IEP) of 6.2 was employed. Note that the test tube was covered 
by aluminium foil to prevent a light-induced redox reaction. The anatase sorption sample was 
prepared analogous to the sorption samples with a nominal loading of 12.5 µmol/g at pH 7. 
XANES and EXAFS spectra of mineral reference samples were collected at 10-15 K in 
transmission mode except for the Sn-doped magnetite and the Sn-sorbed anatase sample, 
which were measured in fluorescence mode. The SnII and SnIV aquo samples were measured 
at room temperature in fluorescence mode. XAS data analysis was performed as described 
above (section 2.2). For shell fitting of SnO, SnO2, and SnS2, the first and second shell 
coordination numbers were fixed to their crystallographic values.  
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Figure 2.14. SEM image of synthesized SnS2 showing selected points for EDX analysis (at 
point 1 and 2). 
 
2.4. Surface Complexation Modeling (SCM) 
2.4.1. Diffuse Double Layer Model (DLM) for Magnetite 
DLM requires three input parameters to describe the magnetite surface: the surface acidity 
constants K+ and K- (104.33 and 10-9.16) and the surface site density (4.7 sites/nm2). The DLM 
was fitted to the sorption data using the nonlinear optimization program PEST (Bachmaf and 
Merkel, 2011) in combination with PHREEQC (Parkhurst and Appelo, 1999) to estimate 
affinity constants of Sn surface structures based on EXAFS data, three adjustable parameters 
(K+, K-, and surface site density), the aqueous speciation of SnII/SnIV (Baes and Mesmer, 
1976; Bradbury and Baeyens, 2009), and the Sn redox equilibrium (Bard et al., 1985). 
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2.4.2  Charge Distribution-Multisite Complexation (CD-MUSIC) Model for Goethite 
The CD-MUSIC model was used to interpret macroscopic data of Sn-sorbed goethite, since it 
currently implements the highest degree of physico-chemical parameters including a precise 
description of the goethite surface structure (Hiemstra et al., 2007a; Hiemstra et al., 2007b; 
Hiemstra and van Riemsdijk, 2007). In this model, the number of adjustable parameters is 
dependent on the number of crystal surfaces and the number of associated sites considered as 
reactive (singly and triply coordinated surface groups) (Hiemstra and van Riemsdijk, 1996). 
Charge distribution was derived according to Hiemstra and Riemsdijk (Hiemstra and van 
Riemsdijk, 1996; Hiemstra and van Riemsdijk, 2006). Other parameters, i.e. surface site 
density, capacitance, charge location, as listed in Table 1.5 are based on Rahnemaie et al. 
(Rahnemaie et al., 2006; Rahnemaie et al., 2007) and Hiemstra and Riemsdijk (Hiemstra and 
van Riemsdijk, 1996; Hiemstra and van Riemsdijk, 2006).  
The charge distribution of metals on the surface or in the crystal structure can be determined 
also by using the bond valence concept of Pauling (1929). Here, the charge of FeIII is equally 
distributed to 6 O with 0.5 valence units (v.u.) per bond. Singly and triply coordinated 
oxygen surface atoms can be defined as ≡FeO-1.5 and ≡Fe3O
-0.5 (Fig. 1.8). Due to a high 
proton affinity of ≡FeO-1.5, it is typically transformed to ≡FeOH-0.5. Doubly coordinated 
oxygen (≡Fe2O
-1) also shows a high proton affinity, leading to fully neutralized ≡Fe2OH, 
which is very stable and thus considered as inactive surface (Hiemstra et al., 2007a). The 
overall capacitance and the capacitance at the outer layer (C2) was taken as 0.9 F.m
-2 and 5 
F.m-2 (Hiemstra and van Riemsdijk, 1996). Surface site densities of reactive singly and triply 
coordinated surface groups are 3.45 and 2.7 nm-2, respectively (Hiemstra et al., 2007a). 
Charge distribution of sorbed Sn was also determined by the method of Hiemstra and van 
Riemsdijk (1996). According to Pauling bond valence concept (Pauling, 1929), the charge 
tends to equally distribute over surrounding ligands; for example, charge distribution of SnII 
at 0-plane should be about 2*n/4 where 2, n, and 4 stand for the charge of Sn, the number of 
surface ligands, and an assumed tetra-coordination of SnII, respectively; the rest of SnII 
charge is attributed to outer layer (1-plane) (Hiemstra and van Riemsdijk, 1996). The dipole 
orientation of water, which could result in a small redistribution of ion charge on the surface, 
was considered (Hiemstra et al., 2007b; Hiemstra and van Riemsdijk, 2006; Hiemstra and van 
Riemsdijk, 2007). Therefore, Eq. 1-35 and 1-36 were used to determine the overall charge 
distribution coefficients (z0 and z1). 
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To optimize equilibrium constants of surface reactions based on the aqueous speciation of Sn 
(Baes and Mesmer, 1976; Bradbury and Baeyens, 2009), and EXAFS data, this work used the 
nonlinear optimization program PEST (Bachmaf and Merkel, 2011) in combination with 
PHREEQC (Parkhurst and Appelo, 1999).  
 
2.5. Spectrophotometric Determination of FeII in Aqueous Solutions Using Ferrozine  
Based on Viollier et al. (2000), 0.01 M Ferrozine prepared in 0.1 M ammonium acetate was 
used as an indicator for FeII at pH range 4 to 9.5, where Ferrozine forms a strong purple 
color. Therefore, the absorbance at 562 nm was measured by spectrophotometry. Since the 
absorbance is a linear function of concentration up to 50 µM (Fig. 2.15, inset), FeII standard 
concentrations of 1, 2, 4, 8, 10, 16, 20, 32, and 40 µM were prepared to establish a calibration 
curve (from FeIISO4 compound supplied by Roth). The spectrophotometer is zeroed by a 
blank (the same solutions except FeII). Samples with FeII concentration higher than 50 µM 
were diluted with degassed water prior to the addition of 100 µL of Ferrozine solution. The 
sample preparation was handled under anoxic condition and the samples were transferred in 
tightly capped vials from the glovebox to the spectrophotometer. Figure 2.15 shows the 
calibration curve with high correlation coefficient ~1.  
 
 
Figure 2.15. The calibration curve used for the determination of FeII by Ferrozine and (inset) 
the plot between absorbance and FeII concentration up to 1300 µM.  
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2.6. Determination of SnII in Aqueous Solution by Voltammetry 
The intention of using this method was to confirm the presence of SnII in the supernatant after 
the reaction with magnetite. To determine SnII in solution, the voltammetry was conducted in 
a glovebox with the oxygen level < 0.06 ppm (Fig. 2.16) at the Department of Geology, 
Technische University Bergakademie Freiberg, Germany. Trace oxygen was immediately 
converted to H2O by a Pd catalyst.  
Based on the method of Lejeune et al. (1996), the determination of SnII was carried out using 
a hanging mercury drop electrode (HMDE). All chemicals used (i.e. Piperazine-1,4-bis(2-
ethane sulfonic acid) (PIPES), NaF, NaNO3, HCl, NH4OH) were purchased from Merck, 
Sigma-Aldrich, and Fluka, and most of them were suprapur grade. The PIPES, NaF, and 
NaNO3 solutions (each with concentration of 1 M) were used as supporting electrolyte, while 
HCl solution was for preparing SnII standard solution and NH4OH for adjusting the pH of the 
solution.  
The standard addition technique was used for SnII determination. It is a highly precise 
measurement technique for samples containing very low SnII concentration (detection limit is 
about 21 nM). Moreover, by this technique the “matrix effect” in the measurements can be 
neglected. Before starting a measurement, the pH of the mixed solution consisting of the 
diluted aqueous sample (~5 mL) and the supporting electrolyte (0.5 mL NaNO3 + 3.5 mL 
NaF + 0.5 mL PIPES buffer) was adjusted to 8±0.1 by suprapur NH4OH solution. A Sn
II 
stock solution (1 g/L) was prepared by dissolving SnIICl2.2H2O in 10 mL of 37% suprapur 
HCl and then adding degassed water to a volume of 100 mL. SnII standard solutions were 
prepared by diluting this 1 g/L SnII stock solution with 0.01 M HCl. The SnII peak position is 
at -0.64±0.05 V. The concentration of SnII was estimated by the peak height. To validate the 
results of voltammetry, ICP-MS was also conducted to examine total Sn in solution. Table 
2.5 shows the SnII concentration values of a standard solution obtained from voltammetry and 
from ICP-MS. It is evident that the concentration of dissolved SnII detected by voltammetry 
is lower than by ICP-MS possibly due to a partial oxidation of SnII by dissolved oxygen in 
solution. Because of the ease of oxidation of SnII, the result observed may not be precise 
enough for quantitative analysis, but it can be used for qualitative analysis to confirm the 
existence of SnII in solution.  
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Table 2.5. Comparison of SnII measurement by voltammetry and ICP-MS. 
SnII (expected) SnII (actual), ug/L  
ug/L By Voltammetry,  %error By ICP-MS %error 
2000 1487.55 4.8 1660 1.2 
2200 1587.07 1.6 2000 1.5 
 
 
Figure 2.16. The experiment set up for voltammetry at Technische University Bergakademie 
Freiberg, Germany.  
 
2.7. Determination of Sn and Fe in Aqueous Solution by ICP-MS  
After the reaction with the minerals, the remaining dissolved Sn and Fe in aqueous solution 
was quantitatively examined by inductively coupled plasma spectrometry (ICP-MS). The 
measurement was carried out with a ELAN® 9000 ICP-MS (Perkin Elmer) using the internal 
standard technique. Prior to the measurement, 50 µg/L Rh internal standard solution was 
added to the solution samples. To stabilize Sn and Fe in the solution samples (or retard 
hydrolysis or formation of semi-colloids), a concentrated acid solution (HCl+HNO3 or HF) 
was also added. The sample was diluted further as required with 1 % HNO3 (subboiling). For 
the instrument set up, the instrument was tested, tuned, and optimized as required to working 
condition. A blank was always run first to check the contamination from solvent or containers 
before running the measurement of standard and sample solutions. A linear calibration curve 
was derived from Sn and Fe standard solutions (also diluted with 1% HNO3); this was 
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repeated every time the instrument was set up. Because of the low solubility and ready 
hydrolysis of Sn, determination of Sn with ICP-MS is rather difficult compared with Fe; Sn 
may stick to the wall of the tube, it was necessary to rinse several times with deionized water 
until Sn was not detected in blank or to stabilize the Sn in solution by a suitable acid solution 
like HF. 
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CHAPTER III 
Surface Complexation and Oxidation of SnII by Nano-Magnetite 
 
ABSTRACT 
The long-lived fission product 126Sn is of substantial interest in the context of nuclear waste 
disposal in deep underground repositories. However, the prevalent redox state, the aqueous 
speciation as well as the reactions at the mineral-water interface under the expected anoxic 
and reducing conditions are a matter of debate. We therefore investigated the reaction of SnII 
with a relevant redox-reactive mineral, magnetite (FeIIFeIII2O4) at < 2 ppmv O2, and 
monitored Sn uptake as a function of pH and time. Tin redox state and local structure were 
investigated by Sn-K X-ray absorption spectroscopy (XAS). We observed a rapid uptake (< 
30 min) and oxidation of SnII to SnIV by magnetite. The local structure determined by XAS 
showed two Sn-Fe distances of about 3.15 and 3.60 Å in line with edge and corner sharing 
arrangements between octahedrally coordinated SnIV and the magnetite surface, indicative of 
formation of tetradentate inner-sphere complexes between pH 3 and 9. Based on the EXAFS-
derived surface structure, we could successfully model the sorption data with two different 
complexes, (Magn_sO)4Sn
IV(OH)2
-2 ( 20,2
LogK   -14.97±0.35) prevailing from pH 2 to 9, and 
(Magn_sO)4Sn
IV(OH)2Fe (
0
1,2LogK  -17.72±0.50), which forms at pH > 9 by co-adsorption of 
FeII, thereby increasing sorption at this high pH.  
 
 
 
 
 
 
 
Dulnee, S.; Banerjee, D.; Merkel, B. J.; Scheinost, A. C., 2013, Surface Complexation and 
Oxidation of SnII by Nanomagnetite. Environmental Science & Technology, 47: 12852-
12859. 
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INTRODUCTION 
The geochemistry of organotin compounds has been extensively studied because of their vast 
commercial application and high toxicity in the biosphere (Hoch, 2001). In the context of 
nuclear waste disposal, however, inorganic tin plays a more important role, because the long-
lived fission product 126Sn (half-life 105 years) is prevalently released in this form. The 
inorganic chemistry of tin and the thermodynamic constants associated with hydrolysis, 
complexation, redox and precipitation reactions have been reviewed by Séby et al. (2001). 
Among the three relevant oxidation states, SnII is soluble at concentrations < 10-6 M, whereas 
Sn0 and SnIV prevail as poorly soluble solid phases. SnII forms the aqueous species Sn2+, 
SnOH+, Sn(OH)2
0 and Sn(OH)3
- from pH 2 to 12 (Fig. S1). Information on the hydrolysis of 
SnIV is less certain due to the low solubility. The complete hydrolysis series should consist of 
Sn4+, Sn(OH)3+, Sn(OH)2
2+, Sn(OH)3
+, Sn(OH)4
0, Sn(OH)5
-, and Sn(OH)6
-2 (Baes and 
Mesmer, 1976); however, there is a large discrepancy between different databases with 
respect to considered species and their hydrolysis constants (Takeno, 2005).  
Only few studies exist on the sorption of SnIV to minerals. Bradbury and Baeyens (2009) 
found a strong sorption (log Rd >5) of SnIV to illite in the pH range 3 to 10 similar to that of 
ThIV, and could obtain good fit of the data based on surface complexation of the tri-, tetra-, 
penta-, and hexa-hydroxo complexes up to pH 13. Bonhoure et al. (2003) investigated uptake 
of SnIV by cement phases employing Extended X-ray Absorption Fine-Structure (EXAFS) 
spectroscopy, demonstrating the transition from surface complexation to precipitation at Sn 
>10-6 M at the high pH typical for cement systems. Although the solubility of SnII is much 
higher than that of SnIV in the cirumneutral pH-range, sorption mechanisms of this divalent 
species on minerals such as clays, Mn and Fe oxides remain also elusive because of the 
complex SnII hydrolysis and its easy oxidation (Séby et al., 2001). 
Magnetite, FeIIFeIII2O4, is a common mineral in soils and sediments, formed by a range of 
microbial reactions or inherited from the parent rock (Roh et al., 2003). It has also been 
identified as a corrosion product, when carbon steel canisters used for the disposal of 
radioactive waste corrode under low oxygen content and elevated temperatures (Grambow et 
al., 1996). Magnetite, especially as nanoparticles and with close to stoichiometric FeII 
content, has been shown to readily reduce SeIV, SbV, UVI, PuV and other contaminants (Huber 
et al., 2012; Kirsch et al., 2011; Kirsch et al., 2008; Scheinost and Charlet, 2008). For Sn, the 
situation is less clear, considering the uncertain redox potentials of Sn, as well as the 
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difficulty to account for the different Fe species present in such systems, including magnetite 
of potentially varying stoichiometry (Yamaguchi et al., 1982). However, SnII is known to be a 
strong reducing agent in comparable systems, hence our hypothesis is that SnII will reduce 
FeIII in magnetite to FeII, while being oxidized to SnIV (Kobayashi et al., 2013).  
The intention of our study was, therefore, (1) to study the sorption and potential oxidation of 
SnII to SnIV by magnetite as a function of pH and time, (2) to elucidate the oxidation state and 
structure of the surface complex(es) by Sn-K edge X-ray absorption near-edge structure 
(XANES) and extended X-ray absorption fine-structure (EXAFS) spectroscopies, 
respectively, and (3) to derive surface complexation constants by applying a diffuse double 
layer model (DLM) coupled to the redox reaction. 
 
EXPERIMENTAL 
Mineral synthesis and sorption experiments were performed under strictly anoxic conditions 
in a N2-glovebox at <2 ppmv O2 in order to simulate anoxic nuclear waste disposal conditions 
and to prevent the oxidation of SnII. The chemicals used were FeCl2.4H2O and FeCl3.6H2O 
(both ≥99%, Sigma-Aldrich), and SnCl2.2H2O and SnCl4.5H2O (both 99.995%, Sigma-
Aldrich). 
Magnetite synthesis. Nanoparticulate magnetite was produced by adding 60 mL of 6 M 
NH4OH to 50 mL of a mixed Fe
II,III chloride solution 0.4 M in FeII and 0.8 M in FeIII (Kirsch 
et al., 2011). The suspension was first washed with 0.025 M CaCl2, then several times with 
0.01 M NaCl. The mineral was stored as suspension in 0.01 M NaCl for the sorption 
experiments. Transmission electron microscopy measurements showed particles with 
spherical morphology and an average diameter of 9.4 nm (Fig. S2), in agreement with X-ray 
total scattering analysis (10.6 nm) (Scheinost and Charlet, 2008). The specific BET surface 
area (SSA) is 83 m2/g, the isoelectric point (IEP) or point of zero salt effect (PZSE) 
determined by zeta potentiometry is 6.7. Rietveld refinement of the powder XRD pattern 
provided a unit cell length of 8.3872±0.0004 Å corresponding to a substoichiometric FeII/FeIII 
ratio of 0.43 of the washed magnetite (Fig. S3). 
SnII sorption. Sorption of Sn on magnetite was studied at different Sn loadings as a function 
of pH and time in 0.01 M NaCl (Table S1). Prior to adding Sn solution, the magnetite 
suspensions were equilibrated at the desired pH values for 24 hours on a mechanical shaker. 
After addition of the 10 μM SnII solution (pH 3.4), the pH value was readjusted and then 
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periodically readjusted if needed by adding 0.1 M NaOH or HClO4. pH values remained 
within 0.2 units of the target values; final pH values are given in figures and tables. No pH-
buffer was used to avoid a potential complexation with Sn. pH sorption edges were 
determined after 24 hours equilibration time using 25 ml of 10 µM SnII solution and 10 ml of 
2, 0.5, 0.4, and 0.2 g/L magnetite suspension, in order to obtain loadings of 12.5, 50, 62.5, 
and 125 µmol/g, resp.. Sn uptake kinetics were measured from 30 minutes to 5 months at the 
pH values 2, 6.5, 8, and 12 for loadings of 12.5 µmol/g Sn. Samples were centrifuged to 
separate the solid from the supernatant, and the latter was analyzed for total remaining Sn and 
Fe using ICP-MS. The oxidation states of Sn and Fe in solution were determined by 
voltammetry (hanging mercury drop electrode) (Lejeune et al., 1996) and by 
spectrophotometry using ferrozine (Viollier et al., 2000), respectively. The sorption data were 
plotted as logarithm of the distribution coefficient (Rd, mL.g
-1): 
m
V
C
CC
R
e
eini
d 

          (1), 
where m/V is the solid and liquid ratio in g/mL, and Cini and Ce are the initial and final Sn
II 
concentrations in solution in µmol/L. 
For XAS analysis, we selected five samples of the pH series (see Fig.2) and seven samples of 
the time series (see Fig. S7). Wet pastes were filled into Kapton-covered polyethylene sample 
holders inside the anoxic glovebox, which were then immediately flash-frozen in liquid N2 
(LN2) to avoid contact with the atmosphere and to stop chemical reactions until XAS 
measurements. 
Synthesis of Sn reference samples. A Sn-substituted magnetite sample was prepared by co-
precipitation using the same Fe chloride solution as for the pure magnetite, plus 10 µM SnII 
solution, which were then rapidly added to 6 M NH4OH. The suspension was heated to 
boiling for 3 hours under vigorous stirring and then washed several times. The obtained phase 
is pure magnetite as verified by XRD (Fig. S10), with a Sn/Fe ratio of 0.05 atom-% as 
determined by AAS after total digestion. A 2 mM SnII aquo reference with pH 1.3 was 
prepared by dissolving SnCl2. 2H2O with 0.05 M HNO3. A 1 mM Sn
IV aquo reference was 
prepared by dissolving SnCl4.5H2O in H2O and adjusting the pH to 12 with 0.1 M NaOH. 
Romarchite (SnO) and cassiterite (SnO2) were obtained from Sigma-Aldrich. 
XANES and EXAFS. X-ray absorption near-edge structure (XANES) and extended X-ray 
absorption fine-structure (EXAFS) spectroscopy measurements were conducted at the 
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Rossendorf Beamline (ROBL) at ESRF (Grenoble, France). The frozen sorption samples 
were rapidly transferred to a closed-cycle He cryostat operating at 10 to 15 K. XANES and 
EXAFS spectra were collected in fluorescence mode at the Sn-K edge (29200 eV) using a 13-
element high-purity Ge detector and Pt-coated mirrors for rejection of third-order harmonics. 
The solid-state reference samples were also measured in the cryostat, while the aqueous SnII 
and SnIV samples were measured at room temperature. XANES and EXAFS data analysis 
was performed following standard procedures using SixPACK (Webb, 2005), WinXAS 
(Ressler, 1998), and ITFA (Roßberg et al., 2003). 
Surface complexation modelling (SCM). The DLM was fitted using the nonlinear 
optimization program PEST in combination with PHREEQC (Parkhurst and Appelo, 1999) to 
estimate surface complexation constants (Bachmaf and Merkel, 2011). DLM requires three 
input parameters to describe the magnetite surface: the surface acidity constants K+ and K-, 
and the surface site density. K+ and K- were determined by acid-base titration (Fig. S9) 
following the method of Hayes et al. (Hayes et al., 1991) using 
Ca-Cb = [Magn_sOH2
+] – [Magn_sO-] + [H+] – [OH-] = TOTH+   (2).  
A surface site density of 4.7 sites/nm2 was determined by acid-base titration using(Mayant et 
al., 2008): 
S*m
10*N*)V(V*C
N
18
A12titrant
sites


      (3), 
where Nsites is the surface site density, Ctitrant is the titrant concentration, (V2-V1) is the 
difference between the two crossing points in the plot of Gran’s function (F= (Vini + 
Vadded)*[H
+], where Vini and Vadded are initial suspension volume and added solution volume, 
respectively) versus added volume of NaOH (Fig. S8), NA represents Avogadro’s number, m 
is the magnetite mass in 0.01 M NaCl, and S is the specific surface area. The influence of 
magnetite dissolution on surface site density can be neglected under the chosen experimental 
conditions (Mayant et al., 2008).  
 
RESULTS AND DISCUSSION 
Solution chemistry. Figure 1A shows the sorption of SnII on to magnetite nanoparticles from 
pH 2 to 12 at four SnII/magnetite ratios (12.5, 50, 62.5 and 125 μmol/g). Assuming 100 % 
sorption, these ratios would correspond to Sn loadings of 0.09, 0.36, 0.45, and 0.90 
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atoms/nm2, i.e. well below the site density of magnetite The three higher ratios (50, 62.5, and 
125 µmol/g, green, orange, and blue symbols) show a plateau at log Rd ~5.5 from pH 3 to 9, 
and then a decrease to 3.5 at pH 12. The pH range of the plateau region agrees well with the 
charge-neutral divalent Sn(OH)2
0 and tetravalent Sn(OH)4
0 aquo species. The decline at lower 
pH is in line with electrostatic repulsion of the cationic Sn species by the net positive surface 
charge of magnetite (PZSE 6.7), and the decline at higher pH with the repulsion of the 
anionic Sn species at net negative surface charge. This behavior is in line with previous 
studies of Sn sorption to Fe oxides (Ticknor and McMurry, 1996) and clays (Kedziorek et al., 
2007)  and similar to that of tetravalent Th, providing a first indication that SnII was oxidized 
to SnIV (Bradbury and Baeyens, 2009). For the lower ratio of 12.5 µmol/g determined after 1 
day and 5 months reaction time, log Rd are above 6 in the pH-range 4 to 10 suggesting very 
high sorption. Note, however, that the final Sn concentration was near lower detection limits 
(<10 nM, Fig. S4), resulting in high error levels of Rd. Across the pH range 2 – 12, there is 
essentially no time-dependence of sorption, i.e. sorption is already completed after 0.5 h and 
does not change significantly within 150 days (Fig. 1B).  
Figure 1C shows dissolved Fe (measured by ICP-MS) as a function of pH in the absence of 
Sn and with Sn at 12.5 μmol/g. Dissolved Fe as determined by ICP-MS (total Fe) and 
ferrozine (only FeII) show no significant difference, confirming that dissolved Fe is 
predominately divalent (Fig. S5). Below the PZSE, magnetite solubility increases and Fe2+ 
remains in solution. Note that magnetite dissolution continues for several weeks at pH 2 (Fig. 
1D). Jolivet & Tronc and White et al. investigated in great detail the process of Fe2+ release 
from the magnetite surface at low pH, which transforms the magnetite surface gradually into 
maghemite (Fe2O3) (Brown, 1974; White and Peterson, 1996; White et al., 1994): 
[FeIIFe2
III]O4 + 2H
+  [Fe2
III]O3 + Fe
2+ + H2O    (4). 
In contrast, the solubility of magnetite is low in the pH-range 7 to 12, and dissolved Fe will 
hydrolyze followed by flocculation and precipitation of the hydrolysis products (Pang et al., 
2007; Tremaine and LeBlanc, 1980). 
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Figure 1. Batch SnII sorption to magnetite. (A) pH dependence of Sn S/L distribution ratio 
(Rd) at four Sn/solid ratios after 1 day reaction time, for the lowest ratio also after 150 days. 
(B) Time dependence of Rd at four pH values. (C) pH dependence of dissolved Fe
II with and 
without Sn after 1 day and 150 days equilibration time. (D) Time dependence of dissolved 
FeII at four pH values. 
 
Redox and surface complexation mechanisms. Figure 2 shows the Sn-K edge XANES and 
EXAFS spectra of Sn-sorbed magnetite as a function of pH along with those of Sn-
substituted magnetite. The XANES spectra (Fig. 2A) of the sorption samples are (within the 
experimental error) identical in shape and energy, suggesting that the oxidation state and 
coordination geometry of Sn is the same in all samples. The XANES edge energy of about 
29206 1 eV is 4 eV higher than that of aqueous and solid SnII references, and in line with 
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that of aqueous and solid SnIV references (Fig. 2A, Table 1). Furthermore, Sn-O coordination 
numbers of 6 and Sn-O distances of 2.05 Å indicate the typical octahedral coordination 
geometry of SnIV, while SnII forms trigonal or tetragonal pyramids with 3 resp. 4 oxygen 
atoms at a distance of 2.21 Å (Table 1). The XANES edge energies as well as the local 
coordination geometry confirm therefore that SnII is completely oxidized to SnIV at the 
magnetite surface. 
Sn-substituted magnetite was used as a structural reference for the sorption complexes. The 
EXAFS spectrum could be fitted with a magnetite model, where SnIV replaces Fe in the 
octahedral sites. The fitted Sn-Fe distance to octahedrally coordinated Fe neighbors in edge-
sharing linkage is 3.12 Å and therefore substantially longer than the corresponding Fe-Fe 
distance in magnetite (2.97 Å). This cannot be due to the ionic radius of SnIV, which is 
similar to that of FeIII (69 versus 65 pm) (Shannon, 1976), but may rather be the effect of the 
necessary charge balance by neighboring FeII (ionic radius 78 pm) (Berry et al., 1998). Note 
that EXAFS spectra were collected at 10-15 K, i.e. well below the 120 K of the Verwey 
transition, and hence with separation of the two Fe oxidation states, while above this 
transition, the neighboring Fe centers would have a mixed oxidation state (Verwey, 1939). 
The longer distance of 3.52 Å corresponds to SnIV octahedra connected to Fe tetrahedra in 
corner-sharing linkage, and is much closer to the corresponding Fe-Fe distance in magnetite 
(3.48 Å), since the tetrahedra can only be occupied by trivalent Fe (Table 1).  
In contrast to Sn-substituted magnetite, which reveals the structural incorporation of Sn by 
the large FT peak at about 2.8 Å arising from backscattering by 6 edge-sharing and 6 corner-
sharing Fe neighbors, the Sn-sorbed magnetite has a much smaller, double peak at this 
position. Analogous to structural Sn in magnetite, this peak can be fitted with two Sn-Fe 
paths, one with a distance of 3.13 to 3.16 Å in line with an edge-sharing linkage between Fe 
and SnIV octahedra, and one with a distance of 3.57 to 3.60 Å in line with a corner-sharing 
arrangement (Table 1, Fig. S12). Both paths provide coordination numbers between 1 and 2. 
A conceptualized model assuming a double coordination for both edge- and corner-sharing 
arrangements is shown in Figure 3. Since 4 oxygen atoms are shared with the four Fe-
neighbors, a tetradentate sorption complex results. In comparison to Sn-substituted magnetite, 
the Sn-Fe distances are 0.01 to 0.04 Å longer for the edge-sharing, and 0.05 to 0.08 Å longer 
for the corner-sharing arrangement, which could be due to surface relaxation or the 
involvement of hydroxyl instead of oxygen bonds. The latter argument is supported by the 
fact that the distances, slightly but significantly, increase between pH 3 and 9, in line with the 
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increasing hydrolysis of SnIV (Baes and Mesmer, 1976). Note also, that formation of a SnO2 
precipitate can be excluded even for the highest Sn/magnetite ratio of 100 µmol/g, since its 
longer Sn-Sn path is absent in the Fourier Transform (Fig. 2), and wavelet analysis excluded 
presence of Sn-Sn backscattering waves (Fig. S11) (Funke et al., 2005). In conclusion, the 
XANES and EXAFS data indicate formation of a tetradentate SnIV sorption complex at the 
magnetite surface, while neither formation of a Sn-magnetite solid solution nor precipitation 
of SnO2 contributes significantly to Sn removal from solution (Fig. 2). 
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Figure 2. Sn-K edge XANES and EXAFS spectra of SnII-sorbed magnetite at four discrete 
pH-values at low loading (colored full lines, 12.5 µmol/g, t=24 h), at pH 7.5 at higher loading 
(dotted green line, 100 µmol/g, t=24 h), in comparison to Sn-substituted magnetite (black 
line) and SnO2 (red dotted line). For XANES, additionial Sn
II and SnIV references are given. 
A: XANES, B: EXAFS Fourier Transform Magnitude (not corrected for phase shift), C: k3-
weighted EXAFS spectra. 
 
We have also investigated by XANES and EXAFS samples collected after different 
equilibration times at pH 6.5 (Fig. S7, Table S2). Already after the shortest time step of 0.5 
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hours Sn was fully oxidized. Even more importantly, the surface complex remained stable for 
150 days, demonstrating the long-term stability of the complex versus SnO2 precipitation. 
Interestingly, the coordination number of the longer Sn-Fe distance (3.57 to 3.60 Å) exceeds 
the value of two expected for the tetradentate sorption complex for the first 6 hours of 
reaction. This could suggest initial cosorption or coprecipitation of FeII from solution with 
Sn, and the subsequent conversion into the tetradentate sorption complex. This hypothesis is 
also supported by the long-term increase of Fe concentration at pH 6.5 (Fig. 1D). 
The electron transfer from SnII to FeIII in magnetite necessarily leads to formation of 
additional FeII. Therefore, the question arises whether this additional FeII is hosted by the 
magnetite phase, or released into solution, or causes formation of a new solid phase with 
higher FeII/FeIII ratio than magnetite, for instance green rust. Neither transmission electron 
microscopy nor X-ray diffraction revealed formation of a new solid phase. Furthermore, we 
found no evidence for an increased release of FeII into solution after Sn sorption (Fig. 1C, 
Fig. S6). X-ray diffraction, however, provides evidence for an increase of structural FeII. The 
Rietveld refinement of the synthesized nano-magnetite yields a unit-cell length of 8.3872 Å, 
which corresponds to a FeII/FeIII ratio, x, of 0.43 as determined by the regression equation 
developed for nanoparticulate magnetites (Gorski and Scherer, 2010). For a Sn-sorbed 
magnetite sample (50 µmol/g Sn, pH 6.5, 1 d reaction time), the unit cell length increased to 
8.3931 Å corresponding to an increase of x to 0.48 (Fig. S3). Since the oxidation of each SnII 
atom requires the reduction of two FeIII atoms, we can also calculate the increase in x based 
on the sorption and complete oxidation of 50 μmol Sn per g magnetite. About 1.2 % of FeIII 
in the magnetite of this sample needs to be reduced, which would increase x from 0.43 to 
0.45. Given the relatively imprecise determination of x from the unit cell length (Gorski and 
Scherer, 2010), both values agree fairly well. Therefore, we can assume that the additional 
FeII produced by the reaction is hosted by the solid phase, pushing the initially 
substoichiometric magnetite closer towards its stoichiometric state. While magnetite with 
substoichiometric FeII has been shown to decrease the extent of uranium reduction, the fast 
and complete SnII oxidation in our system does not indicate a similar effect (Latta et al., 
2012b).  
While we cannot resolve the sorption and reduction mechanism in its temporal sequence by 
XAS, the presence of tetravalent Sn sorbed at the magnetite surface, the observation with 
voltammetry of divalent Sn in the supernatant after reaction with magnetite, and finally the 
increase of structural FeII in magnetite allows us to put forward the following reaction 
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scheme: (1) formation of a SnII sorption complex at the magnetite surface, (2) oxidation of 
SnII to SnIV by electron transfer to structural Fe, which is supported by the semiconducting 
properties of magnetite (Kirsch et al., 2011; Kirsch et al., 2008; Scheinost and Charlet, 2008), 
(3) rearrangement of the SnII sorption complex to a SnIV sorption complex. 
 
 
Figure 3. Possible structure of the SnIV sorption complex on magnetite as derived from shell 
fit of EXAFS data (upper right). The insert on the lower left shows a 10 nm magnetite cluster 
with prevalent {111} faces, where edges between {111} faces provide such sorption sites, as 
indicated by the grey octahedron. Alternative positions would be edges between {111} and 
{100} or {110} faces. 
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Table 1. Sn-K edge XANES and EXAFS fitting data. 
XANES 
E/eV* 
Path CN† R/Å 2/Å2 Path CN R/Å 2/Å2 
∆E0 
/eV 
%R
‡ 
Reference Samples 
SnII aquo§ 29202 Sn-O 3.2 2.21 0.0168 - - - - 8.8 6.9 
SnO 
(romarchite) 
29202 Sn-O 4.0 2.21 0.0032 Sn-Sn 4f 3.54 0.0014 7.2 6.7 
      Sn-Sn 4f 3.67 0.0014   
      Sn-Sn 4f 3.80 0.0012   
      Sn-Sn 4f 4.06 0.0012   
SnIV aquo** 29206 Sn-O 6.2 2.05 0.0031 - - - - 4.7 7.7 
SnO2 
(cassiterite) 
29206 Sn-O 6.5 2.05 0.0024 Sn-Sn 2f 3.19 0.0016 10.1 6.3 
      Sn-Sn 8f 3.72 0.0016   
SnIV-substituted magnetite 
 29205 Sn-O 6.1 2.05 0.0031 Sn-Fe 6.0 3.12 0.0056 5.1 5.7 
      Sn-Fe 4.8 3.52 0.0056   
Magnetite, Sn pH series, 24 h, 12.5 µmol/g 
pH 3.2 29206 Sn-O 6.4 2.05 0.0039 Sn-Fe 1.5 3.13 0.0050  4.6 6.1 
      Sn-Fe 2.4 3.57 0.0050    
pH 6.3 29206 Sn-O 6.6 2.05 0.0040 Sn-Fe 1.0 3.14 0.0020  3.7 9.4 
      Sn-Fe 1.6 3.59 0.0020    
pH 6.7 29205 Sn-O 6.3 2.05 0.0037 Sn-Fe 1.4 3.15 0.0045  4.9 6.7 
      Sn-Fe 1.9 3.59 0.0045    
pH 8.9 29207 Sn-O 6.3 2.05 0.0035 Sn-Fe 1.2 3.16 0.0070  4.8 6.8 
      Sn-Fe 1.7 3.60 0.0070    
pH 7.5 29204 Sn-O 6.2 2.05 0.0044 Sn-Fe 0.6 3.16 0.0030 4.6 7.7 
100 µmol/g      Sn-Fe 1.6 3.59 0.0030   
 
 
 
 
 
                                                          
* XANES edge energy (inflexion point) 
† CN: Coordination number, CNf: CN fixed to crystallographic value 
‡ % Residual 
§ Sn(II) aquo nitrate (2 mM, pH 1.26) 
** Sn(IV) aquo NaOH (pH 12) 
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Sn surface complexation modelling.  
Information on the Sn/magnetite reactions derived by XAS spectroscopy and solution data 
was then used to develop a sorption model. The DLM model was chosen, because it has been 
successfully applied to magnetite before, e.g. to model the sorption of U and Se (Missana et 
al., 2009; Missana et al., 2003a) and because it requires only three adjustable parameters, 
which can be derived without need of arbitary parameter assignments (Hayes et al., 1991). 
Based on the acid-base properties of magnetite, the aqueous speciation of SnII and SnIV, and 
the results of the EXAFS analysis, there was no need to account for outer-sphere 
complexation. A known limitation of DLM, the tendancy to overpredict the diffuse layer 
potential at high ionic strength, was not relevant at the employed ionic strength of 0.01 M 
(Dzombak and Morel, 1990). 
We considered only a strong magnetite surface site with log K+ = 4.33, log K- = -9.16, and a 
surface site density of 4.7 sites/nm-2 (1.3*10-3 mole) as obtained from titration data (Figs. S8 
and S9). These values are in line with previous work (Blesa et al., 1984; Duro et al., 2004; 
Missana et al., 2003a; Philippini et al., 2006). Based on the EXAFS results, which revealed 
that sorption of SnII and its oxidation to SnIV resulted in formation of a tetradentate SnIV 
complex, we established the surface complexation reaction shown as model 1 in Table 2. SnII 
and SnIV hydrolysis reactions and constants were obtained from Baes and Mesmer (1976) and 
Bradbury and Baeyens (2009), as given in Table S3. As Sn redox reaction Sn2+ = Sn4+ + 2e- 
was used with a log K = -8.16 (Bard et al., 1985), which is very similar to the value given in 
Hummel et al. (2002) after the appropriate conversion. Note that the 2 electrons on the right 
side of model 1 were accounted for by the solution Eh (Duro et al., 2004). As described 
above, they are in fact released into the magnetite structure, thereby raising the FeII/FeIII ratio, 
which ultimately determines the Eh of the system.  
Figure 4 shows the pH dependent sorption data at three different SnII loadings, from bottom 
to top, of 50, 62.5, and 125 µmol/g after one day reaction time. The data at 12.5 µmol/g were 
not used because of their large error margin when using log Rd. The left side shows the best 
fit obtained with model 1 as red lines. While all three data sets could be fitted fairly well with 
one LogK of -14.55 from pH 2 to 9, there is a significant underestimation of sorption at 
higher pH. Based on the higher Sn-Fe coordination numbers at shorter reaction times (Table 
S2) and the release of Fe at longer reaction times (Fig. 1), we assumed that an additional 
surface complex involving dissolved, readsorbing FeII might play a role at least for the 1 day 
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reaction time. Therefore, we introduced an additional ternary FeII-SnIV sorption complex in 
the overall DLM fit (model 2 in Table 2). As shown on the right side of Figure 4, this 
additional complex becomes prominent above pH 9 and improves the overall fit considerably. 
Note that this complex is based on circumstantial evidence and not backed up by the 
spectroscopic data. The logK of the SnIV sorption complex 1 changes only insignificantly by 
the introduction of the additional FeII-SnIV complex.  
 
Table 2. Surface complexation reactions and corresponding log K values. 
Model 1: 4Magn_sOH + Sn2+ + 2H2O = (Magn_sO)4Sn(OH)2
-2 + 6H+ + 2e-; 
2
0,2
LogK  -14.55±0.57 
Model 2: 4Magn_sOH + Sn2+ + 2H2O = (Magn_sO)4Sn(OH)2
-2 + 6H+ + 2e-; 
2
0,2
LogK   -14.97±0.35 
4Magn_sOH + Sn2+ + 2H2O + Fe
2+= (Magn_sO)4Sn(OH)2Fe + 6H
+ + 2e-; 
0
1,2LogK  -17.72±0.50
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Figure 4. DLM surface complexation modeling to experimental data of three different 
SnII/magnetite ratios (A: 125 µmol/g, B: 62.5 µmol/g, C: 50 µmol/g) with model 1 (left side) 
and model 2 (right side). 1: (Magn_sO)4Sn
IV(OH)2
2-, 2: (Magn_sO)4Sn
IV(OH)2Fe
II; TOT: 
total Sn sorbed; Sn: Sn (µM) concentration remaining in solution. 
 
Environmental relevance. Our results show that the more soluble SnII is rapidly converted 
into SnIV by a ubiquitous Fe oxide, magnetite, even under anoxic deep-underground 
conditions. SnIV is tightly bound through formation of a tetradentate surface complex, which 
prevents precipitation of SnO2. This has important implications not only for the safety case of 
radioactive waste repositories, but also for the geochemistry of Sn under anoxic conditions. It 
should also be noted that the presence of dissolved FeII widens the SnII sorption affinity into 
the basic range, which may be especially relevant for cement-based waste repositories. 
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Figure S1. Thermodynamic speciation of 10 μM Sn(II) and Sn(IV) derived by PHREEQC 
employing the constants given in Table S3. 
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Figure S2. TEM image of the synthesized nano-magnetite and derived particle size 
distribution with an average of 9.4 nm. 
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Figure S3. Rietveld refinement of powder XRD of synthesized nano-magnetite before (top) 
and after Sn sorption (bottom, 50 µmol/g, pH 6.5, 1 d). Before sorption, the unit cell length a 
of 8.3872 ±0.0004 Å corresponds to a FeII/FeIII ratio, x, of 0.43 according to the regression 
equation established for nanoparticulate magnetites (a = 0.108 x + 8.341) (Gorski and 
Scherer, 2010). After sorption, the unit cell length increased to 8.3931 ±0.0007 Å and a 
corresponding x of 0.48. 
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Table S1. Series of sorption samples. 
Sn loading XAS  [SnII]ini  Magnetite  Reaction time   pH 
µmol/g    µM  g/L  Days  - 
12.5 x  7.1  0.57  1  2 – 12 
12.5   7.1  0.57  150  2 – 12 
12.5   7.1  0.57  0.01 – 180  2 
12.5 x  7.1  0.57  0.01 – 180  6.5 
12.5   7.1  0.57  0.01 – 180  8 
12.5   7.1  0.57  0.01 – 180  12 
50   7.1  0.14  1  2 – 12 
50   7.1  0.14  3  2 – 12 
50   7.1  0.14  8  2 – 12 
62.5   7.1  0.11  1  2 – 12 
100 x  9.5  0.095  1  7.5 
125   7.1  0.057  1  2 – 12 
 
 
2 4 6 8 10 12
1E-10
1E-9
1E-8
1E-7
1E-6
1E-5
C
ini
S
n
 i
n
 s
o
lu
ti
o
n
 (
M
)
pH
 12.5 mol/g, 1 d
 12.5 mol/g, 150 d
 50 mol/g, 1 d
 62.5 mol/g, 1 d
 125 mol/g, 1 d
 
Figure S4. Sn remaining in solution of 12.5, 50, 62.5, and 125 µmol/g Sn-sorbed magnetite 
samples at 1 day and 150 days reaction time. 
Surface Complexation and Oxidation of SnII by Nano-Magnetite 91 
 
Page | 91  
 
4 6 8 10 12
0.0
0.1
0.2
0.3
 50 mol/g, 3d, ICP-MS 
 50 mol/g, 3d, Ferrozine
D
is
s
o
lv
e
d
 F
e
 (
m
M
)
pH
 
Figure S5. Comparison of total dissolved Fe as determined by ICP-MS and dissolved Fe(II) 
as determined by the Ferrozine method of the 50 μmol/g Sn-sorbed magnetite sample. 
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Figure S6. Fe solubility of magnetite as a function of pH at different Sn loading levels.  
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Figure S7. Sn-K XAS spectra of SnII-sorbed magnetite as a function of time at pH=6.5 and a 
Sn/magnetite ratio of 12.5 μmol/g. A: XANES, B: EXAFS Fourier Transform Magnitude, C: 
k3-weighted EXAFS spectra. 
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Table S2. Sn-K edge XANES and EXAFS fitting data of time series. 
 
 
XANES 
E/eV6 
Path CN7 R/Å 2/Å2 Path CN R/Å 2/Å2 
∆E0 
/eV 
%R8 
0.5 h 29206 Sn-O 6.3 2.05 0.0040 Sn-Fe 1.2 3.15 0.0046  4.5 5.8 
      Sn-Fe 2.4 3.60 0.0046    
1 h 29206 Sn-O 6.3 2.05 0.0044 Sn-Fe 1.1 3.15 0.0054  4.1 6.1 
      Sn-Fe 3.4 3.60 0.0054    
2 h 29205 Sn-O 6.4 2.05 0.0040 Sn-Fe 1.2 3.15 0.0049  4.1 6.6 
      Sn-Fe 3.3 3.59 0.0049    
6 h 29205 Sn-O 6.3 2.05 0.0039 Sn-Fe 1.2 3.13 0.0053  4.1 8.3 
      Sn-Fe 3.4 3.59 0.0053    
24 h 29206 Sn-O 6.3 2.05 0.0041 Sn-Fe 1.4 3.15 0.0043  4.4 6.4 
      Sn-Fe 1.8 3.60 0.0043    
1 week 29206 Sn-O 6.8 2.05 0.0045 Sn-Fe 1.5 3.14 0.0049  4.6 4.9 
      Sn-Fe 1.3 3.59 0.0049    
1 month 29206 Sn-O 6.5 2.05 0.0036 Sn-Fe 1.2 3.14 0.0033  4.6 5.3 
     Sn-Fe 2.0 3.58 0.0033    
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Figure S8. Gran’s function versus volume of added NaOH used to determine V1 and V2  for 
magnetite surface site density calculation (2 g/L magnetite in 0.01 M NaCl, pH 2 to 12). 
                                                          
6 XANES edge energy (inflexion point) 
7 CN: Coordination number 
8 % Residual 
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Figure S9. Acid-base titration plot of magnetite (eq. 2) and corresponding DLM fit (2 g/L 
nano-magnetite in 0.01 M NaCl at room temperature). 
 
Table S3. SnII and SnIV hydrolysis equilibrium reactions and constants. 
Hydrolysis reaction Log K Source 
Sn2+ + H2O = SnOH
+ + H+ -3.4 A 
Sn2+ + 2H2O = Sn(OH)2 + 2H
+ -7.06 A 
Sn2+ + 3H2O = Sn(OH)3
- + 3H+ -16.61 A 
2Sn2+ + 2H2O = Sn2(OH)2
2+ + 2H+ -4.77 A 
3Sn2+ + 4H2O = Sn3(OH)4
2+ + 4H+ -6.88 A 
Sn2+ = Sn4+ + 2e- -8.16 b* 
Sn4+ + H2O = Sn(OH)
3+ + H+ 1.2 C 
Sn4+ + 2H2O = Sn(OH)2
2+ + 2H+ 1.7 C 
Sn4+ + 3H2O = Sn(OH)3
+ + 3H+ 1.6 C 
Sn4+ + 4H2O = Sn(OH)4 + 4H
+ 0.4 C 
Sn4+ + 5H2O = Sn(OH)5
- + 5H+ -7.7 C 
Sn4+ + 6H2O = Sn(OH)6
2- + 6H+ -18.1 C 
*Converted from log K=19.2 of redox equilibrium: Sn(OH)6
2- + 2e- + 4H+ = Sn(OH)2 + 4H2O, reported by Bard 
et al. (1985). 
(a) Baes and Mesmer (1976); (b) Bard et al. (1985); (c) Bradbury and Baeyens (2009) 
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Figure S10. Rietveld-refined powder-XRD of Sn-substituted magnetite (Sn/Fe atom ratio is 
0.05 %). The unit cell length a is 8.3864 ±0.0011 Å.   
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SnO2 (cassiterite) Sn
IV-substituted magnetite 
  
Sn-sorbed magnetite, 1 d, 12.5 µmol/g 
pH 3.2 
Sn-sorbed magnetite, 1 d, 12.5 µmol/g 
pH 6.7 
  
Sn-sorbed magnetite, 1 d, 12.5 µmol/g 
pH 8.9 
Sn-sorbed magnetite, 1 d, 100 µmol/g 
pH 7.5 
Figure S11. Morlet wavelet transforms of selected references and sorption samples, plotted 
across a R-range of 2 to 5 Å (y-axis) and a k-range of 2 to 12 Å-1 (x-axis) (Funke et al., 
2005). SnO2 shows a maximum at higher k (~11 Å
-1) corresponding to backscattering from 
the heavier Sn neighbors, in contrast to Sn-substituted magnetite and the sorption samples, 
where the maximum is at ~8 Å-1 because of backscattering from the lighter Fe neighbors. 
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Figure S12. Experimental and fitted Sn-K edge EXAFS spectra of Sn magnetite sorption 
sample at pH 6.7, a Sn/magnetite ratio of 12.5 µmol/g, and 1 day reaction time. 
 

Surface Reaction of SnII on Goethite (α-FeOOH): Surface Complexation, Redox Reaction, 
Reductive Dissolution, Phase Transformation 
99 
 
Page | 99  
 
CHAPTER IV 
Surface Reaction of SnII on Goethite (α-FeOOH): Surface Complexation, 
Redox Reaction, Reductive Dissolution, Phase Transformation 
 
ABSTRACT  
To elucidate the potential risk of 126Sn migration from nuclear waste repositories, we 
investigated the surface reactions of SnII on goethite as a function of pH and SnII loading 
under anoxic condition with O2 level < 2 ppmv. Tin redox state and surface structure were 
investigated by Sn-K edge X-ray absorption spectroscopy (XAS), goethite phase 
transformations were investigated by high-resolution transmission electron microscopy 
(HRTEM) and selected area electron diffraction (SAED). The results demonstrate the rapid 
and complete oxidation of SnII by goethite and formation of SnIV 1E and 2C surface 
complexes. The contribution of 2C complexes increases with Sn loading. The SnII oxidation 
leads to a quantitative release of FeII from goethite at low pH, and to the precipitation of 
magnetite at higher pH. To predict Sn sorption, we applied surface complexation modeling 
using the CD-MUSIC approach and the XAS-derived surface complexes. Log K values of 
15.5 ±1.4 for the 1E complex and 19.2 ±0.6 for the 2C complex consistently predict Sn 
sorption across pH 2 to 12 and for two different Sn loadings and confirm the strong retention 
of SnII even under anoxic conditions. 
 
 
 
Dulnee, S.; Scheinost, A.C., 2014. Surface Reaction of SnII on Goethite (α-FeOOH): Surface 
Complexation, Redox Reaction, Reductive Dissolution, Phase Transformation. 
Environmental Science & Technology, 48: 9341-9348 
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INTRODUCTION  
The inorganic geochemistry of tin is dominated by two oxidation states, with SnII forming a 
series of aqueous hydroxo species across the relevant pH range, while SnIV is assumed to 
predominate as the rather insoluble solid cassiterite (SnO2). Therefore, the mobility of 
inorganic tin is largely controlled by redox reactions between these two oxidation states. This 
is particularly relevant for the safety case of high-level radionuclide waste repositories, 
because the radionuclide 126Sn is a fission product present in spent nuclear fuel with a 
substantial half-life of 105 years, and the formation of soluble Sn species would increase the 
risk of an incomplete retention by the man-made and natural barriers of the repository (Séby 
et al., 2001).  
SnII is often used in the laboratory as a reducing agent, e.g. for TcVII (Kobayashi et al., 2013). 
In HCl solution, SnII rapidly and quantitatively reduces MoVI to MoIV, V, III; the reaction is 
strongly depending on the HCl concentration and the ratio of MoVI/SnII (Bergh and Haight, 
1962). Since the standard reduction potential of the SnII/SnIV pair is lower than that of the 
FeII/FeIII pair, it is also to be assumed that FeIII is reduced by SnII. Current thermodynamic 
databases present a substantial ambiguity, however, whether or not this process takes place in 
environmental samples, given the low solubility of FeIII and the uncertainty of its aqueous 
species (Takeno, 2005). Previous studies have shown that Fe minerals with a low band gap 
like magnetite efficiently catalyze redox reactions at their surface (Scheinost and Charlet, 
2008). This has been confirmed for SnII, which is rapidly oxidized at the surface of magnetite 
particles to SnIV, which forms a tetradentate inner-sphere sorption complex (Dulnee et al., 
2013). The formation of this complex can be adequately predicted with a double-layer surface 
complexation model. Note that the formation of the sorption complex prevented the 
precipitation of SnO2 under the chosen chemical conditions. 
In the current study, we focus on the interaction of SnII with goethite. Goethite (α-FeOOH) is 
the most common FeIII (hydr)oxide mineral in soils as a result of weathering of other iron-
based minerals, and is the dominant oxyhydroxide phase in lake and marine sediments 
(Cornell and Schwertmann, 2003). Due to its commonly nanoscale crystallinity and high 
specific surface area, goethite plays an important role in nature in controlling the mobility of 
heavy metals such as As, Cd, Zn, and Hg, and has been studied extensively as a model 
adsorbent (Stachowicz et al., 2007; Waychunas et al., 2005). Goethite is also found as a 
corrosion product on steel, making it relevant in the context of nuclear waste disposal (Neff et 
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al., 2005; Philippini et al., 2006). Although goethite has with 2.5 eV a relatively high band 
gap in comparison to magnetite, surface redox reactions can still take place through electron 
transfer from adsorbed metal cations to structural FeIII (Jeon et al., 2003; Tronc et al., 1992; 
Williams and Scherer, 2004), causing reductive dissolution of goethite (Handler et al., 2009). 
While sorption of FeII has been shown to cause a substantial recrystallization of goethite, 
formation of secondary minerals through reprecipitation and recrystallization reactions could 
not be confirmed for goethite and magnetite (Handler et al., 2009; Hansel et al., 2005; Jang et 
al., 2008b; Pedersen et al., 2005; Tamaura et al., 1983; Yamaguchi et al., 1982). While we 
expected that SnII sorption will also lead to an electron transfer to structural FeIII, the 
subsequent reactions like reductive dissolution and the potential transformation to secondary 
minerals remain hitherto unknown. The intention of this work was therefore to study the 
surface reaction of SnII on goethite including surface complexation (sorption), electron 
transfer (redox reaction), reductive dissolution, and phase transformation 
(reprecipitation/recrystallization) under anoxic condition as a function of pH and SnII loading. 
We employed X-ray Absorption Spectroscopy (XAS) to derive oxidation state and local 
structure of sorbed Sn, applied a surface complexation model to predict the sorption behavior, 
and followed reductive dissolution and goethite phase transformation by using High 
Resolution Transmission Electron Microscopy (HRTEM) in combination with Selected Area 
Electron Diffraction (SAED). 
 
EXPERIMENTAL 
Sorption Experiments. Goethite was prepared by using the method of Schwertmann and 
Cornell (2000). Phase identity and purity was confirmed by TEM, SAED and X-ray 
diffraction. A specific surface area of 23.3 m2 was determined by the BET method using N2 
and a SA 3100 instrument (Coulter). Prior to the measurement, the goethite sample was 
outgassed for 8 h at 100°C to remove adsorbed water and gases. 
All sorption experiments were conducted under anoxic condition with O2 level less than 2 
ppmv in a Jacomex glovebox. SnIV stock solution was derived from SnCl2.2H2O (99.995%, 
Sigma-Aldrich). Deionized water was degassed by purging with N2 for at least 3 hours.  
SnII sorption was studied as a function of pH (2 to 12), Sn loading (12.5 to 325 µmol/g, and 
time (5 min to > 100 days) (Table S1). The goethite suspensions were equilibrated at an ionic 
strength of 0.01 M NaCl and the required pH for 24 h on a mechanical shaker. 10 µM SnII 
solution was then added to the various solid solution ratios of goethite suspension and the pH 
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was periodically adjusted (Table S1). After centrifugation, Sn remaining in the supernatant 
was measured by ICP-MS in order to determine the distribution coefficient,    =
 ((     −   )   ⁄ ) ∗ (   ⁄ ), where
 m/V is the solid and liquid ratio in g/mL, and Cini and Ce 
are the initial and final Sn
II concentrations in µmol/L. Fe solubility was also determined by 
ICP-MS. 
XAS. Samples for X-ray absorption near-edge structure (XANES) and extended X-ray 
absorption fine-structure (EXAFS) spectroscopy measurements were prepared by filling 
centrifuged wet pastes into Kapton-covered polyethylene sample holders inside the anoxic 
glovebox, which were then immediately flash-frozen in liquid N2 (LN2). The frozen samples 
were transported under LN2 to the Rossendorf Beamline at ESRF (Grenoble, France). For 
the measurements, the samples were rapidly transferred to a closed-cycle He cryostat to 
maintain the frozen state. XANES and EXAFS spectra were collected at 10-15 K in 
fluorescence mode at the Sn-K edge (29200 eV) using a 13-element high-purity Ge detector 
and Pt-coated mirrors for rejection of third-order harmonics. XANES and EXAFS data 
analysis was performed with standard procedures using SixPACK (Webb, 2005) and 
WinXAS (Ressler, 1998).  
TEM. Particle size measurement, particle imaging at high resolution, elemental mapping 
and selected area electron diffraction (SAED) were undertaken with a Titan 80-300 (FEI) 
transmission electron microscope equipped with a field emission gun working at 
accelerating voltages between 80 and 300 kV. Specimens were dispersed on Cu grid within 
the anoxic glovebox, and then transferred under N2-atmosphere to the TEM sample holder. 
Surface complexation modeling (SCM). The charge distribution multi-site complexation 
(CD-MUSIC) model was used to predict the sorption of Sn onto goethite. In this model, the 
number of adjustable parameters is dependent on the number of crystal surfaces and the 
number of associated reactive sites (Hiemstra and van Riemsdijk, 1996). Charge distribution 
was derived according to Hiemstra and van Riemsdijk (1996); (2006). Other parameters, i.e. 
surface site density, capacitance, charge location, as listed in Table S2 are based on 
Rahnemaie et al. (2006); (2007) and Hiemstra and van Riemsdijk (1996); (2006).  
The charge distribution of metals on the surface or in the crystal structure can be determined 
also by using the bond valence concept of Pauling (1929). Here, the charge of FeIII is equally 
distributed to 6 O with 0.5 valence units (v.u.) per bond. Singly and triply coordinated 
oxygen surface atoms can be defined as ≡FeO-1.5 and ≡Fe3O
-0.5 (Fig. S1). Due to a high proton 
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affinity of ≡FeO-1.5, it is typically transformed to ≡FeOH-0.5. Doubly coordinated oxygen 
(≡Fe2O
-1) also shows a high proton affinity, leading to fully neutralized ≡Fe2OH, which is 
very stable and thus considered as inactive surface site (Hiemstra et al., 2007a). The overall 
capacitance and the capacitance at the outer layer (C2) were taken as 0.9 F.m
-2 and 5 F.m-2 
(Hiemstra and van Riemsdijk, 1996). Surface site densities of reactive singly and triply 
coordinated surface groups are 3.45 and 2.7 nm-2, respectively (Hiemstra et al., 2007a).  
To optimize equilibrium constants of surface reactions, we used PHREEQC (Parkhurst and 
Appelo, 1999) in combination with PEST (parameter estimation) (Bachmaf and Merkel, 
2011). Tin hydrolysis reactions and their stability constants are compiled in Table S3. 
 
RESULTS AND DISCUSSION 
SnII Sorption. Figure 1a shows SnII sorption onto goethite as a function of pH for two 
different SnII loadings (12.5 and 62.5 µmol/g or 0.3 and 1.6 sites/nm2). The high log Rd 
values between pH 4 to 8 coincide with the prevalence of the neutral SnII aqua species, 
Sn(OH)2
0, as well as a net neutral or positive charge of the goethite surface (reported PZC 
values range from 7.5 to 9.2) (Schwertmann and Cornell, 2000) (Fig. 1a). The decline of SnII 
sorption at pH <4 is in line with electrostatic repulsion of cationic Sn species and a net 
positive surface charge of goethite, while the decline at pH >8 is in line with repulsion 
between anionic Sn species and a net negative surface charge (Fig. 1a, Fig. S2). Note the 
extremely high log Rd values for the 12.5 µmol/g Sn samples between pH 6 and 9, coinciding 
with Sn concentration in solution near the lower detection limit of ICP-MS (1 nM) (Fig. S3). 
At the higher loading of 62.5 µmol/g, the values remain lower, most likely because of site 
saturation. The Sn uptake proceeds within a few minutes, as demonstrated by Figure 1b. 
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Figure 1. SnII sorption to goethite as function of pH (a) and reaction time (b) at the given 
constant reaction conditions. 
 
Surface complexation mechanism. Sn-K edge XANES and EXAFS spectra of Sn sorbed to 
goethite across the pH range 3.1 to 9.0 are shown in Figure 2. For all samples, the XANES 
edge energy of ~29205 eV as well as the fitted coordination shell of 6 oxygen atoms at a 
distance of 2.05 Å are in line with SnIV (Table 1). This indicates that SnII is oxidized at the 
goethite surface within 24 h at the given Sn loading and pH range. The Fourier Transform 
magnitude shows beyond the strong coordination shell at ~1.5 Å (phase shift not corrected) 
two smaller peaks between 2.5 and 3.5 Å. Their position is similar to those of Sn-sorbed 
magnetite, shown for comparison as dashed line. Wavelet analysis revealed a k-space 
maximum at ~7 Å-1, in line with backscattering from Fe (Fig. S4) (Funke et al., 2005). The 
two peaks could be correspondingly fitted with two Sn-Fe paths at distances of ~3.1 and ~3.6 
Ǻ (phase shift corrected), which are indicative of edge-sharing (1E) and double-corner-
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sharing (2C) linkages between SnIV(O,OH)6 and Fe
III(O,OH)6 octahedra (Dulnee et al., 2013). 
For Sn-sorbed magnetite, the corresponding coordination numbers were about 1 for the 1E, 
and 2 for the 2C path, indicative of a tetradentate sorption complex (Dulnee et al., 2013). For 
the Sn-sorbed goethite samples at pH >3, however, the FT peaks are consistently smaller, 
with fitted coordination numbers of about 0.5 and 1 only. These values are just half of the 
expected coordination numbers for 1E and 2C complexes. They may be hence interpreted in 
two ways: either as a 50/50 distribution of the previously observed tetradentate complex and 
of an outersphere complex (which has no Sn-Fe paths at all within 4 Å range, hence a 
coordination number of 0 for both complexes), or a 50/50 distribution of 1E and 2C 
complexes (Jordan et al., 2014). The pH-dependent surface charge on goethite, as well as the 
strong Sn sorption across a wide pH range, discard the option of a substantial amount of 
outer-sphere complexes, and hence of a 50/50 mixture of tetradentate and outer-sphere 
complexes. Therefore, the only viable explanation is a fairly even distribution of sorbed Sn 
among 1E and 2C complexes. Only for the goethite sample at pH 3 we observe higher peak 
intensities and coordination numbers, more consistent with a tetradentate complex. Above 
this lowest pH value, we also note a decline of the 1E distance down to 3.11 Å at pH 7, while 
it is by 0.03 Å longer at higher and lower pH (Table 1). The pH of the shortest distance 
coincides with the pH of the highest log Rd (of the 12.5 mol/g samples), thereby providing 
evidence for a close relationship between the structure of the sorption complex and its 
bonding stability.  
While the four samples at lower loading of 12.5 μmol/g show only backscattering from Sn-Fe 
pairs, this is different for the two samples with higher loadings of 100 and 325 μmol/g (Fig. 
3). Here, wavelet analysis revealed an additional strong k-space peak at 12 Å-1, in line with 
Sn-Sn backscattering as a comparison with SnO2 shows (Fig. S4) (Funke et al., 2005). The 
XANES edge energy of 29205 eV and the Sn-O distance of 2.05 Å suggest again a Sn 
oxidation state of +4. Both samples could be fitted with a Sn-Sn path at 3.2 Å, consistent with 
the shortest Sn-Sn interaction in the tin dioxide, cassiterite, and with a Sn-Fe path at 3.6 Å, 
consistent with 2C surface complexation (Table 1). For the highest Sn loading, also the longer 
Sn-Sn path of cassiterite at 3.7 Å is obtained from the EXAFS shell fit. Its coordination 
number of 2 is still far below the degeneracy of 8 expected for SnO2. Therefore, we do not 
observe precipitation of crystalline SnO2, but rather the first stages of its formation, i.e. 
(surface-induced) polymerization of oligomers and/or precipitation of an amorphous 
precursor. This is also in line with the TEM results below, where no indication of SnO2 
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particles was found (Fig. 4, bottom). The driving force for the formation of the SnO2-like 
oligomers is most likely the exceedance of the sorption capacity, since the highest loading 
level of 325 µmol/g would correspond to 8.4 sites/nm2, whereas the maximum sorption 
capacity of goethite is 3.45 and 2.7 sites/nm2 at singly and triply coordinated surface groups, 
respectively. This exceedance of the sorption capacity leads to an increase of Sn 
concentration in solution, evidently above the solubility product of cassiterite. It is not clear, 
if the complete oxidation of SnII to SnIV in this high loading system proceeds at the surface of 
goethite, with a subsequent desorption during a dynamic equilibration between sorbed and 
solution SnIV species, or rather by FeII released through the surface redox reaction. 
Interestingly, it was not possible to obtain a stable fit with the shorter Sn-Fe distance at about 
3.1 Å, indicating that the 1E complex is absent or below detection limit. Therefore, in 
addition to the SnO2-like oligomers, we observe only the 
2C surface complex, but not the 1E 
complex at higher loading. 
 
 
 
Figure 2. Sn-K XAS spectra of SnII-sorbed goethite as a function of pH at 24-h reaction time, 
and of SnII-sorbed magnetite at pH 6 (dashed line). A: XANES, B: EXAFS Fourier 
Transform Magnitude, C: k3-weighted EXAFS spectra. For XANES, additional SnII and SnIV 
references are given as indicated. 
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Table 1. Sn-K edge XANES edge energies and EXAFS fit data of the goethite sorption 
samples and of selected references. 
Sample XANES 
E/eV* 
Path CN† R/Å 2/Å2 ∆E
0/eV %R‡ 
pH series (12.5 µmol/g Sn, 24 h) 
pH 3.1 29205 Sn-O 6.4 2.05 0.0050 10.2 7.7 
  Sn-Fe 1.1 3.17 0.0066   
  Sn-Fe 1.8 3.62 0.0066   
pH 5.6 29206 Sn-O 5.8 2.05 0.0040 10.1 6.9 
  Sn-Fe 0.5 3.14 0.0044   
  Sn-Fe 1.2 3.62 0.0044   
pH 7.0 29205 Sn-O 6.3 2.05 0.0043 9.6 8.0 
  Sn-Fe 0.4 3.11 0.0054   
  Sn-Fe 1.5 3.62 0.0054   
pH 9.0 29205 Sn-O 6.1 2.05 0.0043 9.9 6.7 
  Sn-Fe 0.5 3.14 0.0050   
  Sn-Fe 1.1 3.61 0.0050   
Loading series (pH ~7, 24 h) 
12.5 µmol/g Sn 29205 Sn-O 6.3 2.05 0.0043 9.6 8.0 
  Sn-Fe 0.4 3.11 0.0054   
  Sn-Fe 1.5 3.62 0.0054   
100 µmol/g Sn 29205 Sn-O 6.1 2.05 0.0039 10.2 11.1 
  Sn-Sn 1.2 3.22 0.0042   
  Sn-Fe 1.6 3.61 0.0044   
325 µmol/g Sn 29205 Sn-O 6.2 2.05 0.0039 10.8 7.8 
  Sn-Sn 2.0 3.22 0.0055   
  Sn-Fe 2.0 3.65 0.0054   
  Sn-Sn 2.0 3.69 0.0055   
Reference Samples        
SnII aquo§ 29202 Sn-O 3.2 2.21 0.0168 8.8 6.9 
SnO (romarchite) 29202 Sn-O 4.0 2.21 0.0032 7.2 6.7 
  Sn-Sn 4f 3.54 0.0014   
  Sn-Sn 4f 3.67 0.0014   
  Sn-Sn 4f 3.80 0.0012   
  Sn-Sn 4f 4.06 0.0012   
SnIV aquo** 29206 Sn-O 6.2 2.05 0.0031 4.7 7.7 
SnO2 (cassiterite) 29206 Sn-O 6.5 2.05 0.0024 10.1 6.3 
  Sn-Sn 2f 3.19 0.0016   
  Sn-Sn 8f 3.72 0.0016   
*XANES edge energy (inflexion point); † CN: Coordination number, CNf: CN fixed to crystallographic value; ‡ % 
Residual; § SnII aquo nitrate (2 mM, pH 1.26); ** SnIV aquo NaOH (pH 12) 
 
108 CHAPTER IV 
 
Page | 108  
 
 
Figure 3. Sn-K XAS spectra of SnII-sorbed goethite as a function of Sn loading at 24-h 
reaction time and pH 7. A: XANES, B: EXAFS Fourier Transform Magnitude, C: k3-
weighted EXAFS spectra. 
 
Since the experiments were performed under oxygen-exclusion, the SnII oxidation should 
proceed by reduction of FeIII in goethite, which might result in reductive dissolution and/or 
formation of secondary, FeII-bearing phases. Reductive dissolution of goethite is 
demonstrated by the Fe solubility at pH 4.9, where polymerization, and readsorption of Fe 
ions are negligible (Dixit and Hering, 2006). Since acidic dissolution of goethite is also 
negligible at this pH, total dissolved Fe observed by ICP-MS is prevalently divalent. Figure 
S5 shows for a series of samples prepared at different SnII concentrations, but fixed goethite 
concentration of 0.57 g/L, that dissolved FeII increases with increasing SnII concentration. 
The data are close to the line y=2x, corresponding to the redox reaction Sn2+ + 2Fe3+ = Sn4+ + 
2Fe2+. There is also a close correlation between dissolved Fe and expected SnII loading based 
on the assumption of ~2 sites/nm2. 
At higher pH, the influence of SnIV reduction on FeII concentration in solution was not 
detectable (data not shown), presumably because of readsorption or formation of secondary, 
FeII-bearing phases. This was further investigated by electron microscopy. Figure 4 shows 
HRTEM, and electron diffraction of the unreacted goethite and of two goethite samples 
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reacted with 12.5 µmol/g Sn at pH 5.6 and 9.0. While the unreacted goethite sample shows 
only the expected goethite needles, the Sn-reacted samples show in addition a small amount 
of spherical particles. The amount of these spherical particles increases with Sn-loading (Fig. 
4, lower part). The selected area diffraction patterns (SAED) and derived d-spacings of these 
spherical particles are in line with iron spinel phases. Especially the ~2.99 Å d-spacing 
matches well with the FCC crystallographic plane ([411], [211], and [111]-zone axis) of 
magnetite and of SnIV substituted magnetite (Fe2.8Sn0.2O4) (patterns 00-019-0629 and 01-071-
0693). Therefore, the oxidation of SnII results in reductive dissolution of goethite across the 
pH range investigated, and subsequent formation of magnetite at pH 5.6 and above. When 
looking for the elemental distribution of Sn with TEM, one finds that Sn is predominately 
associated with goethite, and only to a smaller part with the newly formed magnetite 
nanoparticles. This suggests that Sn remains bound to goethite after oxidation, in line with the 
EXAFS spectra, which show neither the structure of the tetradentate sorption complex at the 
surface of magnetite nor of SnIV structurally incorporated by magnetite (Figs. 2 and 3) 
(Dulnee et al., 2013). Therefore, there is no substantial redistribution of sorbed Sn from 
goethite to magnetite within the given reaction time.  
Even though the reaction of SnII with goethite is a complex process, which is difficult to 
decipher with absolute certainty, the following sequential reactions at the goethite surface are 
in line with our observations: (1) SnII sorption, (2) electron transfer from sorbed SnII to 
structural FeIII in goethite, (3) reductive dissolution of Fe, (4) readsorption of dissolved FeII 
and electron transfer, and (5) formation of secondary magnetite by the precipitation as 
amorphous ferric oxide (AFO) and the recrystallization to magnetite following the processes 
as elucidated by Jeon et al. (2003)  
(1) 2บFeIIIOH + SnII   
        
 ⎯⎯⎯⎯⎯    (บFeIIIO)2Sn + 2H
+                
(2) (บFeIIIO)2Sn
II   
  
    (บFeIIO)2Sn
IV   
  
     (บFeIIIO)2Sn
IV(OH)2 + 2Fe
II            
(3) บFeIIIOH + FeIIOH+ (reductively dissolved FeII)   
        
 ⎯⎯⎯⎯⎯    บFeIIIOFeIIOH + H+  
(4) บFeIIIOFeIIOH   
  
     บFeIIOFeIIIOH   
             
 ⎯⎯⎯⎯⎯⎯⎯⎯⎯    บFeIIOFeIII(as AFO)  
(5)  บFeIIOFeIII(as AFO)  
บ        
 ⎯⎯⎯⎯⎯⎯   spinel iron oxide     
where ET is electron transfer and RD is reductive dissolution.  
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No Sn 
12.5, pH 5.6 
 
12.5, pH 9.0 
 
Surface Reaction of SnII on Goethite (α-FeOOH): Surface Complexation, Redox Reaction, 
Reductive Dissolution, Phase Transformation 
111 
 
Page | 111  
 
 
 
Figure 4. TEM photographs and SAED (selected area electron diffraction) patterns of 
pristine goethite and after reaction with 12.5 (pH 5.6 and 9.0), 100 (pH ~7), and 325 (pH~7) 
µmol/g Sn after 24-h reaction time. 
 
Surface Complexation Modeling. To develop the sorption model based on the EXAFS 
results and the aqueous speciation of Sn, we selected the CD-MUSIC model, because it 
currently implements the highest degree of physico-chemical parameters including a precise 
description of the goethite surface structure (Hiemstra et al., 2007a; Hiemstra et al., 2007b; 
Hiemstra and van Riemsdijk, 2007). 
The rate of electron transport to bulk goethite, which is a function of its conductivity (~10-9 
Ω-1 cm-1 depending on particle size) (Cornell and Schwertmann, 2003), is still relatively ill-
100, pH 7.0 
 
 
325, pH 7.0 
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defined (Handler et al., 2009); however, the complete Sn oxidation within 24-hour reaction 
time, and its stoichiometric relationship to Fe release at low pH, demonstrate that this process 
is fast at our experimental conditions. Therefore, the effect of electron transfer (from sorbed 
SnII to goethite) on the value of charge distribution (Rahnemaie et al., 2007) was not taken 
into account, and the surface reaction presented in Table 2 describes solely the sorption of the 
final, tetravalent oxidation state of Sn (i.e. the redox reaction was not included). 
The EXAFS results indicate that sorption of SnIV on the goethite surface takes place through 
formation of 1E and 2C surface complexes, which can be visualized in the CD-MUSIC world 
as SnIV coordinating to one singly and one triply coordinated O group for 1E, and as SnIV 
coordinating to two singly coordinated O groups for 2C. According to the Pauling bond 
valence concept, the charge tends to equally distribute over the surrounding ligands; for the 
bidentate complex, the charge distribution of SnIV at the 0-plane is about 4*2/6, where 4, 2, 
and 6 stand for the charge of Sn (tetravalent), the number of surface ligands (2 for bidentate 
complex), and the coordination of SnIV (octahedral), respectively. The dipole orientation of 
water was additionally considered to result in a small redistribution of ion charge on the 
surface (Hiemstra and van Riemsdijk, 2006). The remaining charge of SnIV is distributed to 
the outer layer (1-plane), as given in Table 2 (Hiemstra and van Riemsdijk, 1996).  
By taking into account the surface reactions of these two bidentate complexes, plus the 
calculated charge distributions, a good fit of the 12.5 and 62.5 µmol/g loading samples could 
be obtained with one set of surface complexation parameters, obtaining a correlation 
coefficient of 0.91 (Table 2, Fig. 5). The fit suggests the formation of the surface complexes 
(≡FeOH)(≡Fe3O)Sn(OH)3 (
1E) and (≡FeOH)2Sn(OH)3) (
2C), both with zero charge, across 
the whole investigated pH range. Within this pH range, the aqueous speciation is dominated 
by the Sn(OH)2
0 species (Fig. S2), which sorbs to the goethite surface prior to the fast 
electron transfer into the crystal structure of goethite (note that the electron would not 
influence the attribution of charge on the surface), and prior to the hydrolysis of SnIV. A good 
fit of both the 12.5 and 62.5 µmol/g loading samples could be obtained with the sorption 
affinity constants of 15.5±1.4 for the 1E and of 19.2±0.6 for the 2C complexes, when using 
the macroscopic data of the 62.5 µmol/g samples only. The confidence limits of the affinity 
constants derived from the 12.5 µmol/g dataset were much wider, most likely due to the 
relatively high error of Rd values of this dataset at circumneutral pH due to aqueous Sn 
concentrations near the detection limit (see above). Furthermore, the predicted distribution of 
the two complexes for the 12.5 µmol/g and the 62.5 μmol/g loading levels agrees quite well 
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with the EXAFS data (keeping the relatively high error in coordination numbers of EXAFS in 
mind), with a roughly 50/50 distribution of the two complexes at lower loading, and the 
prevalence of the 2C complex at higher loading. This loading effect is furthermore well in line 
with the lower amount of triply coordinated surface group (2.7 sites/nm2) involved in the 
formation of the 1E complex, confirming the reliability of the model. 
 
 
Figure 5. CD-MUSIC fit of Sn sorption to goethite at 12.5 and 62.5 µmol/g loading levels, 
based on the constants given in Table 2. 
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Table 2. CD-MUSIC model parameters for goethite and the two Sn sorption reactions.  
Parameter Value 
C1 (F m
-2) 1.1 
C2 (F m
-2) 5.0 
Surface site density (nm-2) 
-   
      
 
-   
      
 
 
3.45 
2.70 
Log    
Log      
Log      
9.2 (PZC)a 
-0.61a,b 
8.75a,b,c 
Surface reaction z0 z1 z2 Log K R
2 
   : ≡       . + ≡     
  .  +      + 3    
→  (≡     )(≡     )  (  ) 
 
+ 3   
1.277 
 
-0.277 
 
0 
 
15.5 
±1.4  
 0.9 
   : 2 ≡     −0.5 +   +4 + 3 2  
→  (≡     )2  (  )3
0 + 3 + 
1.277 -0.277 0 
19.2 
±0.6 
a the values were set equally for both sites 
b based on Rahnemaie et al. (2007).  
c for the equilibrium reaction: ≡FeOH-0.5 + H+ + Cl-  ≡FeOH2
+0.5–Cl-, the charge distributions of H- and Cl- are 
at the 0- and 1-planes, respectively. 
 
Environmental implications: Our results provide compelling evidence that even under 
anoxic condition SnII is quickly sorbed and oxidized by goethite, a ferric oxyhydroxide 
ubiquitous in natural environments, but also found as corrosion product on steel. SnIV is 
bound as bidentate edge-sharing (1E) and double-corner-sharing (2C) surface complexes, and 
precipitates as SnO2 only when the sorption capacity is exceeded. This study largely confirms 
the results of our previous study with a frequent corrosion product, magnetite, that 
radioactive Sn potentially released from nuclear waste containers should be rapidly 
immobilized by oxidation. The derived surface complexation constants provide the basis for 
robust radionuclide migration modeling required for the safety case of radioactive waste 
repositories. 
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SUPPLEMENTAL INFORMATION 
Surface Reaction of SnII on Goethite (α-FeOOH): Surface Complexation, Redox 
Reaction, Reductive Dissolution, Phase Transformation 
 
Table S1. Sorption series samples. 
Sn loading 
µmol/g 
 [SnII] * 
µM 
 Goethite suspension* 
g/L 
 Reaction time  
H 
 
pH 
12.5  7.1  0.57  24  2 - 12 
12.5  7.1  0.57  0.08 – 44.5  8 
12.5 (XAS)  7.1  0.57  24  3.1, 5.6, 7.0, 9.0 
62.5  9.3  0.148  24  2 - 12 
100 (XAS)  9.5  0.095  24  7.2 
325 (XAS)  9.8  0.030  24  7.1 
* after all addition 
 
Figure S1. Goethite structure showing 110 and 100 faces (modified from Hiemstra et al. 
(2007a)) with singly (S), doubly (D), and triply (T) coordinated surface groups.  
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Table S2. Charge location and log K values of the interaction of electrolyte ions and proton 
at goethite surface, based on Rahnemaie et al. (2007). 
Surface species ∆z0 ∆z1 ∆z2 Log K 
≡FeOH-0.5 0 0 0 0 
≡Fe3O
-0.5 0 0 0 0 
≡FeOH2
+0.5 1 0 0 9.2 (PZC) 
≡Fe3OH
+0.5 1 0 0 9.2 (PZC) 
≡FeOH-0.5–Na+ 0 1 0 -0.61  
≡Fe3O
-0.5 –Na+ 0 1 0 -0.61  
≡FeOH2
+0.5–Cl- 1 -1 0 8.75  
≡Fe3OH
+0.5–Cl- 1 -1 0 8.75  
 
Table S3. SnII and SnIV hydrolysis equilibrium reactions and their stability constants. 
Hydrolysis reaction Log K Source 
Sn2+ + H2O = SnOH
+ + H+ -3.4 a 
Sn2+ + 2H2O = Sn(OH)2 + 2H
+ -7.06 a 
Sn2+ + 3H2O = Sn(OH)3
- + 3H+ -16.61 a 
2Sn2+ + 2H2O = Sn2(OH)2
2+ + 2H+ -4.77 a 
3Sn2+ + 4H2O = Sn3(OH)4
2+ + 4H+ -6.88 a 
Sn4+ + H2O = Sn(OH
3+ + H+ 1.2 b 
Sn4+ + 2H2O = Sn(OH)2
2+ + 2H+ 1.7 b 
Sn4+ + 3H2O = Sn(OH)3
+ + 3H+ 1.6 b 
Sn4+ + 4H2O = Sn(OH)4 + 4H
+ 0.4 b 
Sn4+ + 5H2O = Sn(OH)5
- + 5H+ -7.7 b 
Sn4+ + 6H2O = Sn(OH)6
2- + 6H+ -18.1 b 
(a) Baes and Mesmer (1976); (b) Bradbury and Baeyens (2009) 
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Figure S2. Thermodynamic speciation of 10 μM SnII and SnIV derived by PHREEQC 
(Parkhurst and Appelo, 1999) employing the constants given in Table S3. 
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Figure S3. Sn remaining in solution of 12.5 and 62.5 µmol/g Sn-sorbed goethite samples at 
1-day reaction time. The initial concentrations (before attaining equilibrium) of 12.5 and 62.5 
µmol/g samples were 7.1 and 9.3 µM, respectively.  
Surface Reaction of SnII on Goethite (α-FeOOH): Surface Complexation, Redox Reaction, 
Reductive Dissolution, Phase Transformation 
119 
 
Page | 119  
 
 
Figure S4. Morlet wavelet transforms of Sn sorbed goethite samples at pH ~7 with 
increasing Sn loading (R range 2 to 4 Å, k range 2 to 13Å-1). 
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Figure S5. Fe solubility, investigated by ICP-MS, as a function of SnII loading or 
concentration. The samples were prepared at pH 4.9±0.2 and at 24-h reaction time. The 
dissolved Fe expected (solid line) is two times higher than that of SnII concentration 
according to the redox reaction of Sn2+ + 2Fe3+ = Sn4+ + 2Fe2+. 
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CHAPTER V 
Interfacial Reaction of SnII on Mackinawite (FeS) 
 
ABSTRACT 
The interaction of SnII with metastable, highly reactive mackinawite is a complex process due 
to transient changes of the mackinawite surface in the sorption process. In this work, we 
show that tin redox state and local structure as investigated by Sn-K X-ray absorption 
spectroscopy (XAS) change with pH. We observe at pH <7 that SnII forms two short (2.38 
Å) Sn-S bonds, the S atoms being part of the S-terminated surface of mackinawite. Two 
longer Sn-S bonds of 2.59 Å point most likely towards the solution phase, completing the 
tetragonal SnS4 innersphere sorption complex, while precipitation of SnS or formation of a 
solid solution with mackinawite could be excluded. At pH > 9, SnII is completely oxidized by 
an FeII/FeIII (hydr)oxide, most likely green rust, forming on the surface of mackinawite. Six O 
atoms at 2.04 Å and 6 Fe atoms at 3.29 Å demonstrate a structural incorporation by green 
rust, where SnIV substitutes for Fe in the crystal structure. The transition between SnII and 
SnIV and between sulfur and oxygen coordination takes place between pH 7 and 8, in 
accordance with the transition from the mackinawite stability field to more oxidized Fe-
bearing minerals. The uptake processes of SnII by mackinawite are largely in line with the 
uptake processes of divalent cations of other soft Lewis-acid metals like Cd, Hg and Pb. 
 
 
 
 
Dulnee, S.; Scheinost, A.C., Interfacial Reaction of SnII on Mackinawite (FeS). Journal of 
Contaminant Hydrology. Submitted. 
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INTRODUCTION 
The prevention of radionuclide migration from radioactive waste repositories into the 
environment is of paramount importance for the save management; this requires an in depth 
understanding of the geochemical processes to be able to perform predictions across the 
required long time scales, including complexation, adsorption, precipitation and redox 
processes. Tin-126 is a fission product and as such contained in nuclear waste; due to its 
relatively long half-life (105 years), its long-term geochemical behavior needs to be predicted 
with high reliability. While the geochemistry of organotin has been investigated in great 
detail, relatively little information is available for inorganic Sn. Inorganic Sn can exist in four 
oxidation states (-2, 0, +2, and +4), but only +2 and +4 are relevant in aqueous chemistry.  
 
Figure 1. Aqueous speciation of SnII and SnIV based on published thermodynamic constants  
(Baes and Mesmer, 1976; Bradbury and Baeyens, 2009). 
 
In both oxidation states, Sn is hydrolysed across the pH values in typical surface and ground 
waters; due to a high charge to ionic radius ratio, SnIV is hydrolysed much more strongly 
(Fig. 1). Related to this, SnIV forms solids with much lower solubility (<10-9 M), only at pH > 
8 the solubility is elevated due to the formation of the negatively charged ions Sn(OH)5
- and 
Sn(OH)6
2- (Rai et al., 2011). SnII is hydrolysed from pH 2 on and precipitates at 
circumneutral pH at concentrations >10-6 M, while at lower and higher pH the solubility is 
much higher due to the formation of positively and negatively charged species (i.e., Sn2+, 
SnOH+, Sn(OH)3
-). Therefore, SnII in aqueous solution is more active to form complex 
species with chlorides, sulphates, phosphates, and carbonates (Edwards, 1997; Edwards et al., 
1992; Edwards et al., 1996) and is therefore of much higher concern for the radioactive waste 
2 4 6 8 10 12
1E-7
1E-6
1E-5
2 4 6 8 10 12
1E-7
1E-6
1E-5
S
n
II
 c
o
n
c
e
n
tr
a
ti
o
n
 [
M
]
pH
Sn
2+
Sn(OH)
+
Sn(OH)
2
Sn(OH)
3
- S
n
IV
 c
o
n
c
e
n
tr
a
ti
o
n
 [
M
]
pH
Sn(OH)
4
Sn(OH)
5
-
Sn(OH)
6
2-
Sn(OH)
3
+
Interfacial Reaction of SnII on Mackinawite (FeS) 123 
 
Page | 123  
 
case. The surface reaction and retention of SnII on steel corrosion products like magnetite and 
goethite have been identified (i.e., magnetite (Dulnee et al., 2013; Ticknor et al., 1996; 
Weast, 1972)). Groundwater contains a low concentration of sulfide and FeII species, but they 
have been shown to effectively play a key role in the reduction of UVI to UIV (Hua and Deng, 
2008; Hua et al., 2006; Liger et al., 1999). Disordered, nano-particulate mackinawite (FeS) 
forms as primary Fe sulfide in anoxic environments rich in ferrous Fe and sulfide. It then 
transforms into the more stable iron sulfides, crystalline mackinawite and greigite and then to 
pyrite (Berner, 1967; Hunger and Benning, 2007; Morse and Cornwell, 1987; Rickard, 1995; 
Spadini et al., 2003) via an oxidation process and the loss of iron (i.e.,  2FeS + 2H+ → FeS2 
(pyrite) + Fe2+ + H2 and 4FeS + 2H
+ Fe3S4 (greigite) + Fe
2+ + H2 (Berner, 1967))  or by the 
addition of sulfur (Furukawa and Barnes, 1996; Wilkin and Barnes, 1996), a process which 
can occur under both oxic and anoxic conditions (Boursiquot et al., 2001; Rickard, 1997).  
The stoichiometric formula of mackinawite has been given as Fe1.00±0.001S (Rickard et al., 
2006), FeS1-x (where 0<x<0.07) (Vaughan and Craig, 1978) and Fe9S8 (Benning et al., 2000). 
Mackinawite forms as black precipitate within milliseconds (Rickard, 1995). The acid-base 
properties of mackinawite have been investigated by acid-base titrations (Wolthers et al., 
2005a), suggesting a point of zero charge (PZC) at pH ~7.5 and a site density of 4 sites/nm2. 
In contrast, Widler and Seward (2002) and Healy and Moignard (1976) proposed a PZC of 
synthesized mackinawite of about pH 3, much more in line with other iron sulfides. The 
pHpzc of ~5 recently reported in Gallegos et al. (2007) is intermediate to these two extremes. 
According to Sun et al. (1991), Bebie et al. (1998), and Butler and Hayes (1998), two 
functional groups may terminate the surface of mackinawite: iron(II) hydroxyl (บFeOH) and 
sulfide (บSH) functional groups, which can develop charges in protonation and deprotonation 
reactions. However, Wolthers et al. (2005a) suggested termination by Fe-SH groups only. 
Nanoparticulate, metastable mackinawite is a highly reactive phase, which plays a significant 
detoxification role in ecosystems (Luther and Rickard, 2005). Mackinawite is capable of 
reducing NpV (Moyes et al., 2002), TcVII (Wharton et al., 2000), UVI (Livens et al., 2004; 
Veeramani et al., 2013; Wersin et al., 1994), CrVI (Mullet et al., 2004; Patterson et al., 1997), 
and Pu (Kirsch et al., 2011). Mackinawite also shows a highly adsorptive capacity for 
divalent metals (Arakaki and Morse, 1993; Morse and Arakaki, 1993). The reaction 
mechanism between aqueous divalent metals (i.e. HgII, PbII, CdII, CoII, NiII, CuII) and 
mackinawite (Coles et al., 2000; Jeong et al., 2007; Morse and Arakaki, 1993) is generally 
explained by a surface ion exchange or displacement (also called coprecipitation) of Fe in 
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mackinawite, being subject to the metal sulfide solubility, the lower the solubility of newly 
formed metal sulfides, (MexFe1-x)S and/or MeS, than that of FeS, the higher the degree of 
displacement for Fe in mackinawite (Coles et al., 2000; Di Toro et al., 1992; Morse and 
Arakaki, 1993). It is likely that the reaction mechanism is also controlled by the molar ratio 
of metal ion/mackinawite (Coles et al., 2000; Gallegos et al., 2008; Gallegos et al., 2007; 
Jeong et al., 2007; Wolthers et al., 2007). When the maximum displacement of Fe in 
mackinawite structure by for example PbII and CdII has been reached, exceeding metal ions 
are retained via surface sorption pathway (Coles et al., 2000). For HgII, with the molar ratio 
less than 0.05, HgII performs a surface sorption at mackinawite surface, while precipitation of 
soluble HgS(s) occurs at higher molar ratio (Jeong et al., 2007). However, the 
coprecipitation/incorporation of metal ions in mackinawite is a temporary process because 
mackinawite is metastable and does not endure in most sediment (Morse and Arakaki, 1993). 
To date, no investigation on the interaction between Sn and mackinawite exists. With our 
work, we want to fill in this gap, making use of XAS spectroscopy to decipher the electronic 
and structural processes of Sn at the mackinawite surface. Because of a lower solubility 
product constant of SnS (Lide, 2006; Sillén et al., 1964), the hypothesis is that SnII will 
displace FeII in mackinawite. While a transformation via acidic and alkaline dissolution 
mechanisms and oxidation process of mackinawite to FeIII -containing secondary minerals 
may facilitate an oxidation of SnII, a reduction of SnII to Sn0 by solid or dissolved FeII is 
feasible since a redox potential, E°, of SnII (SnII + 2e-  Sn0; E° = -0.14 V) is higher than that 
of FeII (FeII + 2e-  Fe0; E° = -0.44 V).  
The aim of this study was to investigate the surface reaction of SnII on mackinawite as a 
function of pH by using X-ray absorption spectroscopy (XAS).  
 
MATERIALS AND METHODS 
Most of the chemicals used were puriss grade supplied by Merck. The mackinawite synthesis 
and sorption experiments were carried out in a Jacomex glovebox with N2 atmosphere (O2 
partial pressure  <2 ppmv). Deionized water was degassed by purging with N2 gas for at least 
3 hours before transferring it into the glovebox. 
Mackinawite Synthesis and Characterization. To synthesize mackinawite, 0.3 M 
Fe(NH4)2(SO4)2.6H2O and 0.3 M Na2S.xH2O were mixed with a molar ratio of 1 (Michel et 
al., 2005; Wolthers et al., 2005a; Wolthers et al., 2003). The resulting suspension was 
Interfacial Reaction of SnII on Mackinawite (FeS) 125 
 
Page | 125  
 
centrifuged for 5 minutes at 8800 g. After decantation, the bottom solids were washed three 
times with 45 ml of 1 mM Na2S xH2O to minimize the oxidation of sulfide and to remove the 
electrolytes (Michel et al., 2005). After the final centrifugation step, the mackinawite sample 
was re-suspended in 0.01 M NaCl for sorption experiments. X-ray Diffraction (XRD) of 
freeze-dried powder samples deposited on a low-background Si waver was performed with a 
D8 Diffractometer (Bruker-AXS) in THETA-THETA geometry using a curved PG-
Secondary Monochromator and a Cu X-ray tube (0.154 nm / 8.042 keV). For scanning 
electron microscopy (SEM), a freeze-dried powder sample was dispersed on a sticky sample 
holder, and analyzed with a LEO 1530 SEM equipped with a BRUKER EDX detector for 
elemental composition. For transmission electron microscopy (TEM), the bottom slurry was 
dispersed in ethanol, deposited on Cu grids and then dried overnight in the glovebox. 
Samples were transferred in tightly capped vials to the TEM, and exposed to the atmosphere 
for less than one minute during the sample transfer into the TEM.  
Sorption Experiments. A 10 µM SnII solution (pH ~3.35) was always freshly prepared from 
SnCl2.2H2O (99.995%, Sigma-Aldrich). Mackinawite suspensions with 2 g/L were 
equilibrated in 0.01 M NaCl for 24 hours at the desired pH values. SnII solutions and 
mackinawite suspensions were combined to obtain nominal SnII loadings of 12.5 µmol/g (7.1 
µM Sn and 0.57 g/L mackinawite in the final suspension system), and the pH was readjusted 
if necessary. After 24 hour equilibration time with Sn, the pH was again measured in 
suspension. Each sample was then centrifuged and the supernatant decanted. Sn 
concentration in the supernatant was measured by ICP-MS. The solid-liquid distribution 
coefficient (Rd, mL.g
-1) was determined as: 
        (1), 
where m/V is the solid and liquid ratio in g/mL, and Cini and Ce are the initial and final Sn
II 
concentrations in solution in µmol/L. 
Both pH and Eh were measured using an iEcotrode and a Pt reference electrodes (Metrohm). 
The measured potential (Umeasured) was converted into the absolute potential (Uabsolute) by: 
Uabsolute = Umeasured + Ureference, where Ureference is the potential of the reference system (207 mV 
at 25°C). 
XAS Investigation. Wet pastes were filled into Kapton-covered polyethylene sample holders 
inside the anoxic glovebox, and then immediately flash-frozen in liquid N2 (LN2). The frozen 
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samples were transported under LN2 to the Rossendorf Beamline (ROBL) at ESRF 
(Grenoble, France). For the measurements, the samples were rapidly transferred to a closed-
cycle He cryostat to maintain the frozen state. XANES and EXAFS spectra were collected at 
10-15 K in fluorescence mode at the Sn-K edge (29200 eV) using a 13-element high-purity 
Ge detector and Pt-coated mirrors for rejection of third-order harmonics. XANES and 
EXAFS data analysis was performed with standard procedures using SixPACK (Webb, 2005) 
and WinXAS (Ressler, 1998). 
Reference samples. SnIIO (romarchite), SnIVO2 (cassiterite), Sn
II,IV
2S3 (ottemannite) were 
purchased from Sigma-Aldrich (note that Sn2S3 was labeled as SnS). Yellowish SnS2 was 
prepared following the method of Chaki et al. (2013). A 2 mM SnII aquo reference was 
prepared by dissolving SnCl2. 2H2O with 0.05 M HNO3. A 1 mM Sn
IV aquo reference was 
prepared by dissolving SnCl4.5H2O in H2O and adjusting the pH to 12 with 0.1 M NaOH. To 
obtain a SnII sorption reference, we employed redox-inert anatase (MTI) with a BET surface 
area of 305 m2/g and an isoelectric point (IEP) of 6.2. Note that the test tube was covered by 
aluminium foil to prevent a light-induced redox reaction. The anatase sorption sample was 
prepared analogous to the mackinawite sorption samples with a nominal loading of 12.5 
µmol/g and a pH of 7. A SnIV sorption reference on magnetite (12.5 µmol/g and pH 6.7) was 
taken from Dulnee et al. (2013). 
 
RESULTS AND DISCUSSION 
Properties of synthesized mackinawite.  
Figure 2 shows the XRD powder pattern of the synthesized mackinawite. While most 
reflections match those of mackinawite, a peak at 2θ=25˚ corresponds to a greigite (Fe3S4) 
impurity, which may form under anaerobic conditions (Hunger and Benning, 2007). The d-
spacing of 5.2 Å corresponds to the (001) lattice planes of flake-like nanoparticles of 
mackinawite, in line with  previous observations  (Ohfuji and Rickard, 2006). From HRTEM 
(Fig. 3), we derived a surface area of 333 m2/g based on a mackinawite density of 4.28 g/cm2, 
an average length of 28 nm, and an average thickness of 1.56 nm. The EDX spectrum gives 
49.5 and 50.5 atom-% for Fe and S, respectively, close to the expected 1:1 stoichiometry of 
mackinawite (FeS).  
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Figure 2. XRD powder pattern of synthesized mackinawite. 
 
 
Figure 3. (A) Bright-field TEM, (B) HRTEM, (C) SEM (freeze-dried powder) images of 
synthesized mackinawite sample. EDX analysis of the selected area is shown as insert. 
 
SnII sorption. Log Rd values between 4.5 and 5.5 demonstrate the high sorption of Sn
II by 
mackinawite across the pH range of 5 to 11.5 (Fig. 4). The data scattering is relatively high 
due to the fact that Sn concentrations in solution were close to the detection limit of ICP-MS. 
Nevertheless, the spline fit reveals a sorption maximum at around pH 8. This maximum 
coincides fairly well with a minimum of Fe solubility (< 1 mM) at pH 9, while dissolved Fe 
concentrations reach 7 mM at pH 5. Note that sorption values below pH 5 could not be 
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determined because mackinawite completely dissolved in this pH range. Above pH 10, 
dissolved Fe increases again due the formation of Fe(OH)3
- species. 
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 Figure 4. SnII mackinawite/water distribution coefficient and dissolved Fe as a function of 
pH. 
 
 
Figure 5 shows the measured Eh and pH values in a Pourbaix diagram, based on the 
expanded LLNL database supplemented with mackinawite solubility data taken from Rickard 
(2006). The data points before adding Sn2+ (black dots) as well as those after adding Sn2+ (red 
squares) are near the dividing line between the predominance fields of mackinawite and 
hematite, which is also near the dividing line between sulfide and sulfate (blue hatched line). 
Note, however, the slight tilt of the data, which fall into the mackinawite predominance field 
up to pH 8, but protrude into the hematite predominance field at higher pH. Furthermore, the 
addition of Sn2+ does not significantly change the Eh. Finally, the predicted field for 
mackinawite shows the observed dissolution below pH 5. 
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Figure 5. Eh-pH diagram of the system Fe-S-H2O at 25°C showing the measured values in 
mackinawite suspensions before (black dots) and after addition of 12.5 µmol/g SnII-(red 
squares). The diagram was calculated with GWB using the expanded LLNL database using 
Fe and S molalities of 10-3.  
 
XAFS of references. Figure 6 shows the XANES and EXAFS spectra of SnII and SnIV 
references, and Table 1 gives the corresponding local structure derived by EXAFS shell 
fitting. In spite of the poor energy resolution of 8.49 eV at the Sn K-edge due to the short 
core-hole lifetime, the XANES edge energies show systematic trends: When going from the 
divalent to the tetravalent species, the XANES spectra show the expected shift of 2-4 eV to 
higher energy and stronger white lines; a shift of -2 eV is observed between oxygen-
coordinated and sulfur-coordinated species of the same Sn oxidation state due to the higher 
electronegativity of O as compared to that of S; therefore, the edge energy alone is not 
sufficient to determine the oxidation state, but additional information is required. Divalent Sn 
compounds typically show a Sn-O coordination number of 3-4, forming a trigonal or 
tetragonal pyramid caused by an antibonding electron pair (antibonding interaction of Sn(5s) 
and the O(2p) orbitals) (Walsh and Watson, 2004). For tetravalent species, the coordination 
number changes to 6 as reflected by the higher intensities of the first Fourier Transform 
Magnitude (FTM) peaks, while the distances decrease from 2.21 to 2.05 Å for Sn-O 
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coordination due to the decrease of the ionic radius of Sn from divalent to tetravalent 
oxidation state (see also the shifts of the FT peaks). Note that the Sn-S distances are larger 
due to the larger ionic radius of S as compared to O, but remain similar at 2.56 Å between 
ottemannite with mixed oxidation state and berndtite with SnIV only. For the divalent Sn 
sulfide herzenbergite (sample not available), a distance of about 2.65 Å would be expected. 
Given are also the spectra and derived data of two reference sorption spectra. The Sn-sorbed 
magnetite sample represents a tetradentate inner-sphere complex of tetravalent Sn, formed 
after the complete oxidation of SnII at the magnetite surface (Dulnee et al., 2013). Note that 
the XANES edge energy as well as Sn-O coordination number and distance are identical 
(within the error limits) to those of the SnIV aquo complex. This is different for the SnIIaquo 
and SnII anatase sorption complexes: the Sn-O distance decreases from 2.21 Å for the aquo 
complex to 2.12 Å for the sorption complex. While this may point to a partial oxidation of 
Sn, there are several SnII compounds, where such a relatively short distance exists, among 
them metastable, red SnO and Sn phosphate complexes (Jordan et al., 1980; Koehler et al., 
2012). The divalent oxidation state of the anatase sorption complex is further supported by 
edge energy and coordination number. 
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Figure 6. Sn-K edge XAS spectra of SnII and SnIV references. Left: XANES, center: k3-
weighted EXAFS spectra, right:  Fourier transform magnitude. Aquo complexes have been 
measured at RT, all others at 15 K. “SnIIsorbed” is a SnII sorption complex on anatase at pH 
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7; “SnIVsorbed” is a SnIV sorption complex on magnetite at pH 6.7 taken from Dulnee et al. 
(2013). 
 
Table 1. Sn-K edge EXAFS fit results of references (S0
2=1.0). 
Sample 
E° 
[keV] 
Path CN R [Å] σ2 [Å2] E°shift res [%] 
SnIIaquo 29.202 Sn-O 3.2 2.21 0.0168 8.8 6.9 
SnIVaquo 29.206 Sn-O 6.2 2.05 0.0031 4.7 7.7 
SnIIsorbed anatase* 29.203 Sn-O 3.5 2.12 0.0052 11.6 3.5 
SnIVsorbed magnetite* 29.205 Sn-O 6.3 2.05 0.0037 4.9 6.7 
Sn2S3 (ottemannite) 29.202 Sn-S 3.6 2.57 0.0048 5.6 15.0 
 
 Sn-Sn 5.6 3.73 0.0051 
  
SnS2 (berndtite) 29.204 Sn-S 6.0
f 2.56 0.0064 6.8 9.4 
 
 Sn-Sn 6.0f 3.65 0.0069 
  
SnIIO (romarchite) 29.202 Sn-O 4.0 2.21 0.0032 7.2 6.7 
  Sn-Sn 4.0f 3.67 0.0014   
  Sn-Sn 4.0f 3.80 0.0012   
  Sn-Sn 4.0f 4.06 0.0012   
SnO2 (cassiterite) 29.206 Sn-O 6.0
f 2.05 0.0018 10.7 5.8 
  Sn-Sn 2.0f 3.19 0.0013   
  Sn-Sn 8.0f 3.72 0.0014   
*only fit results of the coordination shell are shown 
Errors are 1 eV for XANES edge energy (E0), 25% for CN, 0.01 Å for R, and 0.0020 Å2 for σ2. 
 
XAFS of mackinawite sorption samples. Figure 7 shows the XANES and EXAFS spectra 
of the SnII reacted mackinawite at four pH values ranging from 5.7 to 9.1, and Table 2 gives 
the corresponding edge-energy and shell-fit data.  
According to their XANES white line intensities and edge energies, the sorption samples can 
be grouped into two classes: the samples at lower pH show comparatively weak XANES 
white lines and edge energies of 29,200 eV, in line with divalent Sn in sulfur coordination 
(Fig. 7 A). In contrast, the samples at higher pH show strong XANES white lines increasing 
with pH, and edge energies also increasing with pH from 29,205 to 29,206 eV, suggesting 
tetravalent Sn in oxygen coordination at least for the highest pH 9.1. The grouping according 
to XANES is also repeated by the EXAFS spectra and their Fourier transform magnitudes 
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(FTM) (Fig. 7 B&C): for the two samples at higher pH, this peak is at about 1.5 Å (distance 
uncorrected for phase shift), confirming the SnIV-O coordination already suggested by 
XANES. For the samples at lower pH, the case is less unequivocal, since the first prominent 
FTM peak is at about 1.8 Å; a comparison with the reference spectra in Figure 6 shows, that 
this distance is in line with SnII-O coordination, while the FTM peak of SnII-S coordination 
would be expected above 2 Å. When fitting this peak, however, only Sn-S backscattering 
paths produced physically meaningful parameters, with ~2 S atoms at 2.38 Å for pH 5.7, and 
4 S atoms at 2.40 Å for pH 7.0 (Table 2). Note that this distance is almost 0.3 Å shorter than 
the SnII coordination in the SnII sulfide herzenbergite (Krebs and Langner, 1964) and in the 
mixed sulfide ottemannite (Mootz and Puhl, 1967) (weighted average of 3 Sn-S bonds 2.67 Å 
and 2.68 Å, resp.), thereby suggesting a different species. 
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Figure 7. Sn-K edge XAS spectra of SnII-sorbed mackinawite. A: XANES, B: EXAFS 
Fourier transform magnitude, C: k3-weighted EXAFS spectra. 
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Table 2. Sn-K edge EXAFS fit results of SnII-reacted mackinawite (S0
2=1.0). 
Sample 
E° 
[keV] 
Path CN R [Å] σ2 [Å2] E°shift res [%] 
pH 5.7 29.200 Sn-S (1) 1.7 2.38 0.0027 12.3 3.3 
  Sn-S (2) 2.1 2.59 0.0092   
 
 Sn-Fe(1) 0.4 2.86 0.0054 
  
        
pH 7.0 29.200 Sn-S (1) 3.8 2.40 0.0049 13.2 7.9 
  Sn-S (2) 0.6 2.64 0.0030   
  Sn-Fe (1) 0.5 2.86 0.0100   
        
pH 7.7 29.205 Sn-O 4.0 2.03 0.0055 7.3 5.3 
  Sn-S (1) 1.6 2.34 0.0066   
  Sn-Fe (2) 2.1 3.26 0.0081   
        
pH 9.1 29.206 Sn-O 6.0 2.04 0.0033 9.1 7.2 
 
 Sn-Fe (2) 6.4 3.29 0.0064 
  
Errors are 1 eV for XANES edge energy (E0), 25% for CN, 0.01 Å for R, and 0.0020 Å2 for σ2. 
  
To further elucidate the local structure of this SnII-S species, we performed multishell fits of 
the sample at pH 5.7. Morlet wavelet analysis showed that the second FT peak at 2.3 Å 
(uncorrected for phase shift) arises from a backscatterer heavier than S (Funke et al., 2005). 
Due to destructive interference with the shorter Sn-S path, the exact k-space maximum could 
not be derived, but in the current system there are only two elements possible, either Fe or Sn. 
The fit with a Sn-Sn path resulted in ~1 Sn at 2.59 Å. Such a short Sn-Sn distance is, 
however, structurally unreasonable; the shortest Sn-Sn distance in solids is that of elemental 
tin with 2.8 Å. The fit with a Sn-Fe path resulted in ~2 Fe at 2.82 Å, but with unreasonable 
phase shift and Debye-Waller factor. Therefore, we attempted a fit with two shells, Sn-S and 
Sn-Fe as shown in Table 2. This model produced the most reasonable result, where Sn is 
surrounded by ~2 S atoms each at 2.38 Å and 2.59 Å, and 0.4 Fe atoms at 2.86 Å. 
Three different uptake mechanisms should be considered in the SnII/mackinawite system, 
analogous to the ones suggested for the HgII/mackinawite system (Jeong et al., 2007): (1) 
sorption at the surface of mackinawite, (2) formation of a solid solution with mackinawite or 
a secondary Fe sulfide, and (3) (surface) precipitation of a SnII sulfide phase. In fact, the Sn-S 
and Sn-Fe distances of 2.38 and 2.86 Å compare favorably with the Fe-S and Fe-Fe distances 
in mackinawite (2.26 and 2.60 Å), if one considers the larger ionic radius of SnII (0.96 Å) in 
relation to that of FeII (0.77 Å) (Shannon and Prewitt, 1969). Therefore, the observed species 
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mimics somehow the mackinawite structure. Formation of a solid-solution (process 2) can be 
excluded, however, based on the small coordination numbers (which would be 4 and 4 for the 
first Sn-S and Sn-Fe shells in mackinawite). Formation of a Sn sulfide (process 3) can also be 
excluded, since there is no Sn-Sn shell detectable at 3.5 Å. The most likely explanation is 
hence formation of a SnII innersphere surface complex (process 1), and the EXAFS data 
indeed support this process: the two S atoms at shorter distance can be interpreted as bonds 
towards the mackinawite surface; the mackinawite surface complexation is further supported 
by the Fe atom at a short distance of 2.86 Å, which is very characteristic for the mackinawite 
structure, and does not occur in any of the other Fe sulfides. Hence FeS2 (pyrite) and Fe3S4 
(greigite), which may form from mackinawite under acidic condition due to the high Fe 
solubility (Hunger and Benning, 2007; Wilkin and Barnes, 1996), do not play a significant 
role in Sn retention. Finally, the other two S atoms complement the tetragonal pyramidal 
configuration of the SnS4 unit, their longer distances suggesting that they are not part of the 
mackinawite surface, but point towards the water layer. 
The EXAFS spectrum of the sample at the highest pH, 9.1, is fitted by 6 oxygen atoms at a 
distance of 2.04 Å. The second FT peak at about 2.9 Å (uncorrected for phase shift) has a 
(k)*k3 maximum at 7 Å-1 as revealed by Morlet wavelet analysis (Funke et al., 2005), which 
is distinctly different from Sn-Sn backscattering, and in line with Sn-Fe backscattering. By 
shell fit 6 Fe atoms at a distance of 3.29 Å were obtained, suggesting incorporation of SnIV by 
a Fe oxide. While FeIII-bearing (hydr)oxides like goethite and magnetite are characterized by 
two to three different next-neighbor Fe-Fe distances because of different edge- and corner-
sharing linkages between Fe(O,OH)6 octahedra (Manceau and Combes, 1988), the one Sn-Fe 
next-neighbor shell is in line with a brucite-like network of edge-sharing Fe(O,OH)6 
octahedra. Its distance is too large for FeIII-occupied octahedra (e.g. 3.06 Å in lepidocrocite); 
it matches the distance in the FeII hydroxide amakinite (3.26 Å), but the formation of this 
mineral phase is unlikely given its high solubility. More likely is the formation of green rust, 
whose formation has been suggested during the phase transformation of mackinawite at high 
pH (Gallegos et al., 2008; Wilkin and Barnes, 1996). The slightly larger Sn-Fe distance of 
3.29 Å in comparison to the averaged distance of 3.19 Å in green rust (Trolard et al., 2007) 
may be explained by a local enrichment of FeII in the Sn neighborhood for charge 
compensation (Dulnee et al., 2013). 
Although the spectral similarities between the samples at pH 5.7 and 7.0 and between pH 7.7 
and 9.1 has been pointed out before, there are also differences revealed especially by the 
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EXAFS FTM. Like the pH 5.6 sample, the sample at pH 7.0 has the a Sn-Fe distance at 2.86 
Å, which is characteristic for the mackinawite sorption complex. The two Sn-S distances are 
by comparison slightly relaxed, and the coordination number of the shorter Sn-S shell is 
increased on the expense of the coordination number of the longer Sn-S distance. The 
spectrum of the pH 7.7 sample and its shell fit data show predominately characteristics of the 
pure SnIV-O species at pH 9.1, but also a smaller contribution from a Sn-S coordination. This 
latter distance is with 2.34 Å shorter than the Sn-S distance of the samples at lower pH, 
suggesting at least partial oxidation of Sn in this sulfur-coordinated species. This pH 7.7 
sample represents therefore the transition from sulfur to oxygen coordination, while the Sn 
oxidation must have happened in between pH 7.1 and 7.7. 
This structural and electronic transition is well in line with the Eh measurements and the 
thermodynamic calculation, which show the transition from the sulfide to the sulfate 
predominance at about pH 8, and the transition from mackinawite to an oxidized mineral 
surface at slightly higher pH (Fig. 5). Together with the structural analysis of the endmember 
species at pH 5.7 and 9.1, we can conclude that SnII is fully coordinated by S and forms an 
innersphere sorption complex at the mackinawite surface at the lowest pH investigated, while 
SnII is oxidized to SnIV and incorporated into a brucite-like network of Fe(O,OH)6-octahedra 
at the highest pH investigated, the transition between both species taking place between pH 7 
and pH 8 (Fig. 8).  
SnII retention mechanisms. In the following, we will try to conceptualize the driving forces 
behind the two pH-dependent uptake mechanisms in the Sn/mackinawite system. While to 
the best of our knowledge there are no results published on the Sn retention by mackinawite, 
our results can be compared to studies on divalent Cd, Hg and Pb, which are similar in terms 
of a (large) ionic radius and their tendency to form S-bonds (soft Lewis acids). Coles et al. 
(2000) suggested from batch equilibrium experiments that both Pb2+ and Cd2+ are partly 
incorporated into the mackinawite surface layers, partly form sorption complexes on this 
doped surfaces. Jeong et al. (2007), however, pointed out that high surface loadings of those 
metal cations, which form less soluble sulfides than mackinawite, should thermodynamically 
lead to the dissolution of mackinawite and the formation of the more stable metal sulfides, 
which was spectroscopically confirmed for Hg (Jeong et al., 2010) and Cd (Parkman et al., 
1999). In contrast, results from batch sorption experiments with lower surface loadings of Hg 
were interpreted by innersphere complexation (Jeong et al., 2007). The SnII innersphere 
surface complex, which we observed at pH 5.7 is therefore well in line with these former 
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results, given our comparably low loading, with a Sn/mackinawite ratio of 12.5 μmol/g or 
0.001 mol/mol or 38 nmol/m2, and Sn concentrations in solution of about 3*10-8 mol/L, i.e. 
below the solubility of both SnO and SnO2. The sorption complex is coordinated by four S 
atoms, where two with shorter bond length form part of the mackinawite surface, while the 
other two with longer bond length are most likely not part of the mackinawite surface, but 
point into the solution. This fully S-coordinated sorption complex suggests also the existence 
of an aqueous SnII-S4 complex currently not implemented in thermodynamic databases. Note 
that greigite and pyrite, which may form under these more acidic conditions (Hunger and 
Benning, 2007; Wilkin and Barnes, 1996), are not involved in the retention mechanism, even 
though greigite was already present in small quantity in the initial synthetic mackinawite, 
confirming the much higher surface area and reactivity of mackinawite. 
 
 
Figure 8. Ball-and-stick models of the SnII inner-sphere complex at the mackinawite surface 
(pH 5.7) and of SnIV incorporated by green rust forming as secondary precipitate at higher 
pH. 
 
pH 5.7 
pH 9.1 
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At alkaline conditions, the mackinawite surface is most likely saturated by –OH groups, 
which leads after oxidation to the formation of hydroxy-green rust according to 2FeS + 3H2O 
+ 2OH-  Fe2(OH)5 + 2HS
- + 1/2H2 (Gallegos et al., 2008). Note that this metastable mineral 
species is not shown by the Eh-pH diagram (Fig. 5). The EXAFS data, however, confirm its 
formation, since SnIV at pH 9.1 has a local structure in line with green rust. The occurrence of 
green rust with its content of FeIII also explains the oxidation of SnII not observed under more 
acidic conditions. Note that we can exclude oxidation of SnII by traces of oxygen (1 ppmv) 
in the glovebox, since SnII persists as sorption complex on mackinawite at more acidic pH, as 
well on anatase at more neutral conditions (Fig. 6, Table 1). 
Our results show also, that the mackinawite surface is no significant sink for SnIV under the 
more alkaline conditions, suggesting that the OH- ligand has a higher affinity towards SnIV 
than the S- ligand. This is in line with AsIII sorption to mackinawite, where a transition from 
As-S coordination to As-O coordination has been observed with increasing pH (Gallegos et 
al., 2007). Such a hydroxyl-driven transition from S to O coordination may also explain the 
mixed S-O coordination, which has been reported for Tc and Np sorption complexes at the 
mackinawite surface (Moyes et al., 2002). 
 
CONCLUSIONS  
Our spectroscopic results clearly indicate that under anoxic condition the retention 
mechanisms of SnII by mackinawite are significantly dependent upon the pH value due to 
transient changes of the mackinawite surface in the sorption process.  Therefore, three 
different retention mechanisms at three ranges of pH can be proposed.  
At lowest pH observed, SnII is coordinated by ~2 S atoms each at 2.38 Å (surface ligands) 
and 2.59 Å (solution ligands), and 0.4 Fe atoms at 2.86 Å which is very characteristic for the 
mackinawite structure, indicative of a sorption complex (Fig. 8). As for the pH 7.0 sample, 
SnII also forms a sorption complex coordinated by four S atoms. The coordination number of 
the shorter Sn-S shell increases as of the longer Sn-S shell decreases, suggesting a slight 
relaxation of those two Sn-S shells. We could infer that at low pH range of 5.7 to 7.0, the 
retention could be due to a surface sorption only.     
At the transition pH range, between pH 7.0 and pH 8.0, a transition of mackinawite surface 
from the sulfide to the sulfate and to an oxidized mineral surface (Fig. 5) induces an 
oxidation of SnII to SnIV and transition from sulfur to oxygen coordination (Fig.7 and Table 
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2). It is therefore speculated that at this pH range the retention is proceeded by both surface 
sorption and redox reaction.  
Above the transition pH range, due to a saturation of –OH groups at the surface and a 
formation of green rust, SnII is completely oxidized to SnIV and incorporated (or 
coprecipitated) into Fe(O,OH)6-octahedra (Fig.7, Table 2, and Fig. 8). Therefore, the 
retention is due to a redox reaction and a formation of a secondary Fe (hydr)oxide.  
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
This work has improved the understanding on the interfacial reaction of SnII onto selected 
minerals (magnetite, goethite, and mackinawite) under anoxic condition. The XANES and 
EXAFS data provide the evidence to conclude that SnII is completely oxidized on the surface 
of magnetite and goethite, while SnII is retained on the surface of mackinawite at the low pH 
range observed (pH ≤ 7.0), but it tends to be oxidized at higher pH resulting from the pH-
dependent transformation of the mackinawite surface. At the same SnII uptake (i.e., 12.5 
µmol/g), those three selected minerals excert a high sorption affinity to SnII at a wide pH 
range of 2 to 13 (5 to 11 for mackinawite).  
It is conceivable that the oxidation of SnII on magnetite and goethite proceeds through the 
interfacial electron transfer between sorbed SnII and structural FeIII in lattice structures. 
Rietveld refinement of XRD pattern demonstrates the increase of the magnetite FeII/FeIII ratio 
after SnII sorption which shows that indeed structural Fe is responsible for Sn oxidation, 
while Fe solubility and HRTEM results suggest reductive dissolution and formation of a 
secondary mineral after the reaction of SnII with goethite. Two Sn-Fe distances of about 3.15 
Ǻ and 3.60 Ǻ are in line with edge (1E) and corner (2C) sharing arrangements between 
octahedrally coordinated SnIV and Fe(O,OH)6 octahedra of the magnetite and goethite 
surfaces. For Sn-sorbed magnetite, the corresponding coordination numbers were about 1 for 
the 1E, and 2 for the 2C path, indicative of a tetradentate sorption complex; for Sn-sorbed 
goethite at pH >3, however, these values are just half of the expected coordination numbers 
for 1E and 2C complexes, suggesting a 50/50 distribution of 1E and 2C complexes. It is also 
found that the distribution of the 2C complexes increases with increasing Sn loading. At 
circumneutral pH, a shorter Sn-Fe distance of 3.11 Ǻ further suggests a stronger surface 
complex of Sn with goethite, concurring with the pH of the highest log Rd. Due to a lower 
surface area of goethite (23.3 m2/g) than that of magnetite (83.2 m2/g), SnO2 precipitation 
occurs already at 100 µmol/g Sn loading. 
The observation with voltammetry of only divalent Sn in the supernatant after reaction with 
magnetite supports the hypothesis of sequential surface reactions of SnII: (1) formation of a 
SnII sorption complex at the magnetite surface, (2) oxidation of SnII to SnIV by electron 
transfer to structural Fe, (3) rearrangement of the SnII sorption complex to a SnIV sorption 
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complex. For the reaction of SnII on goethite, the reductive dissolution corresponding to the 
redox reaction Sn2+ + 2Fe3+ = Sn4+ + 2Fe2+ observed at pH 4.9 and the formation of spherical 
particles, in line with iron spinel phases, at high pH support the idea that SnII induces the 
transformation to a secondary mineral via dissolution/recrystallization. It is thought that the 
following sequential reactions at the goethite surface are in line with observations: (1) SnII 
sorption, (2) electron transfer from sorbed SnII to structural FeIII in goethite, (3) reductive 
dissolution of Fe, (4) readsorption of dissolved FeII and electron transfer, and (5) formation of 
secondary magnetite by the precipitation as amorphous ferric oxide (AFO) and the 
recrystallization to magnetite. 
This work applied surface complexation modeling (SCM) to predict the sorption behavior of 
SnII onto magnetite and goethite based on the aqueous speciation of SnII (Baes and Mesmer, 
1976), the SnII/SnIV redox equilibrium, and the EXAFS-derived surface structure. The diffuse 
double layer model (DLM) successfully predicts the surface reaction of SnII on the magnetite 
surface across the investigated pH range. A good fit of DLM was obtained taking into 
account the EXAFS-supported surface reactions involving a SnIV tetradentate complex 
((Magn_sO)4Sn
IV(OH)2
-2, 20,2
LogK  = -14.97±0.35 ) and cosorption of dissolved FeII above 
pH 9 ((Magn_sO)4Sn
IV(OH)2Fe, 
0
1,2LogK  = -17.72±0.50). The CD-MUSIC model is selected 
to predict the surface reaction of Sn-goethite, because it currently implements the highest 
degree of physico-chemical parameters including a precise description of the goethite surface 
structure (Hiemstra et al., 2007a; Hiemstra et al., 2007b; Hiemstra and van Riemsdijk, 2007).   
Based on the batch sorption experiment, XANES, EXAFS, and Fe solubility results 
indicating a fast oxidation of SnII to SnIV and reductive dissolution of Fe (due to a fast 
electron transfer to the bulk goethite) at chosen experimental conditions, it is believed that 
electron transfer (from sorbed SnII to goethite) should not affect the value of charge 
distribution; therefore, the surface reaction used for modelling describes solely the sorption of 
the final oxidation state of Sn (i.e. the redox reaction was not included). Since this model 
requires much more adjustable parameters depending on the number of crystal surfaces and 
the number of associated sites considered as reactive (Hiemstra and van Riemsdijk, 1996) 
(i.e. surface site density, capacitance, charge location), these parameters were either 
independtly measured of taken from literature. It is found that CD-MUSIC could successfully 
predict the surface complexation of SnII on goethite surface. The model gives the best fit to 
the data by the surface reaction of the 1E and 2C complexes with log K values of 15.5 ±1.4 
and 19.2 ±0.6, respectively, showing a 50/50 distribution of those complexes in the 12.5 
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µmol/g samples and a relative increase of 2C complexes on the expense of 1E complexes at 
higher Sn loading, most likely due to the lower amount of triply coordinated surface group 
(2.7 sites/nm2) involved in the formation of the 1E complex, in line with the EXAFS 
interpretation.  
For mackinawite, the surface complexation mechanism is more complex due to a phase 
transition of mackinawite which is dependent on the pH. At pH 5.7, the location of absorption 
edge is in line with SnII. Two shells of S at a distance of 2.38 Å (surface ligands) and 2.59 Å 
(solution ligands) and Fe shell at a distance of 2.86 Å which is very characteristic for the 
mackinawite structure, are indicative of a sorption complex. At pH 7.0, the increase of the 
coordination number of the shorter Sn-S shell as of the longer Sn-S shell decreases is 
probably due to a slight relaxation of those two Sn-S shells. At pH 7.7, according to a 
transition of mackinawite surface from the sulfide to the sulfate, SnII is oxidized and 
coordinated by 2 S atoms at 2.34 Å, 4 O atoms at 2.03 Å, and 2 Fe atoms at 3.26 Å. And due 
to a pH-dependent mineralogical formation to green rust according to 2FeS + 3H2O + 2OH
- 
 Fe2(OH)5 + 2HS
- + 1/2H2 (Gallegos et al., 2008), at pH 9.1 Sn
II is completely oxidized and 
coordinated by 6 O atoms at a distance of 2.04 Å and 6 Fe atoms at 3.29 Å, indicative of an 
incorporation (also called coprecipitation) of SnIV into Fe(O,OH)6-octahedra. Therefore, three 
different retention mechanisms at three ranges of pH can be proposed: (1) a surface sorption 
at low pH range of 5.7 to 7.0, (2) both surface sorption and redox reaction at the transition pH 
range, between pH 7.0 and pH 8.0, and (3) a redox reaction and a formation of a secondary 
Fe (hydr)oxide. 
This study confirms that radioactive Sn potentially released from nuclear waste containers 
should be rapidly immobilized on ubiquitous Fe oxide (magnetite and goethite) by oxidation. 
SnIV is tightly bound through formation of tetradentate surface complexes for magnetite and 
bidentate surface complexes for goethite. In the presence of solid or dissolved species of 
sulfide and divalent Fe, SnII should be retained by a surface sorption at low pH and by 
oxidation and coprecipitation with Fe hydr(oxide) at high pH. This has important 
implications not only for the safety case of radioactive waste repositories, but also for the 
geochemistry of Sn under anoxic conditions. It should also be noted that the presence of 
dissolved FeII widens the SnII sorption affinity into the basic range, which may be especially 
relevant for cement-based waste repositories. 
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Recommendations for Future Work 
Although the results in this study provide a clear distinction of SnII surface complexation 
mechanism on three selected minerals, further investigations could lead into the following 
directions.  
1) SnII-sorbed magnetite: 
- Since structural FeII forms a redox couple with aqueous nitrobenzene (Gorski and 
Scherer, 2009) and UVI (Latta et al., 2012b; Latta et al., 2013), the magnetite stoichiometry 
strongly influences the kinetics of these contaminant reduction. It is reported that the 
contaminant ions cannot undergo reduction reaction on the surface of nonstoichiomtric 
magnetite (<0.5) (Latta et al., 2013). On the other hand, because structural FeIII is likely to 
form a redox couple with aqueous FeII (and also other oxidative metal ions), a non-
stoichiometric magnetite shows a slightly higher atom exchange in comparison to 
stoichiometric magnetite (Gorski et al., 2012).  
As for SnII, I found the increase of magnetite stoichiometry of a synthesized 
nonstoichiometric magnetite after 24-hour SnII reaction; however, the reaction of SnII on 
stoichiometric magnetite is unknown. Therefore, to gain a better understanding on this issue, 
I recommend studying the influence of magnetite stoichiometry on the surface reaction of 
SnII using XRD, MS, or complete magnetite dissolution methods to observe the FeII/FeIII ratio 
of magnetite before and after the SnII reaction, using TEM to demonstrate the phase 
transformation to secondary minerals after SnII reaction, and using XAS to elucidate the 
surface oxidation and surface structure of SnII. It is hypothesized that SnII will be more 
rapidly oxidized on a nonstoichiometric magnetite (FeII/FeIII <0.5), as it may be slowly 
oxidized on the stoichiometric magnetite (FeII/FeIII = 0.5) or may be not oxidized on the 
magnetite with FeII/FeIII ratio greater than 0.5. 
- In this work, SCM predicts that the coadsorption of dissolved FeII widens Sn sorption 
affinity into the basic range. To verify this prediction, I recommend for the future work a 
spectroscopical study of the sorption samples prepared at pH > 9, which is currently missing. 
- Moreover, the presence of other metal ions like dissolved Fe might cause the 
competitive sorption at mineral surface, but this influence on Sn sorption is still unknown. 
Therefore, to predict the retention mechanism of Sn in the presence of dissolved Fe at the 
whole pH range, competitive adsorption should be investigated.   
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2) SnII-sorbed goethite: 
- To further confirm atom exchange between sorbed SnII and structural FeIII in goethite, 
an isotope fractionation method should be performed. It should be noted that this experiment 
is underway and will be successfully completed in the future. The experimental is under 
supervision of Dr. Laura Wasylenki, Indiana University. Following is to show in detail the 
sample preparation (sample treatment), the preliminary results obtained in this study, and the 
continuing step that should be further done:    
Sn isotope fractionation  
Isotope fractionation of Sn will be investigated by Multi Collector-Inductively 
Coupled Plasma Mass Spectroscopy (MC-ICP-MS). Prior to an investigation of isotope 
fractionation, to be able to accomplish accurate isotope fractionation, contaminants, for 
instance Na from background electrolyte and Fe (from the dissolution of iron oxide), have to 
be removed by ion exchange chromatography. However, few studies have focused on ion 
exchange chromatography for Sn. This work, therefore, attempts to design the experimental 
approach for Sn separation from other dissolved chemical species (Fe and Na) by using ion 
exchange chromatography.  
In many cases, in order to get rid of Na from other element or avoid strong sorption 
on resins, anion exchange resins were selected. Because the sorption of Na on the resins 
decreases as the acid concentration increases, a high concentration of 6 M HCl has to be 
employed. Because of the formation in 6 M HCl of anion complexes, i.e. FeCl4
-, SnIVCl5
-, 
and SnIVCl6
-2, Fe and Sn should then be sorbed to the anion exchange resin. 
Therefore, I propose the following procedure to separate Sn from Na and Fe. Anion 
exchange resins, AG1 x8, 100-200 mesh, chloride form, should be chosen for this 
experiment. Before the resin is loaded to the column, they are cleaned by 2 M HNO3, and 
then the resin is loaded by making a slurry with 2 M HNO3 and pouring the slurry down 
along the inside surface of the column to get the resin in there without trapping air bubbles. 
To clean the resin, 2 M HNO3 is slowly pipetted into each of columns, being careful, and 
never to touch the columns or the resin with the pipette tip. Also try to get the droplets to roll 
down the inside wall of the column to disturb the resin as little as possible. Since Sn does not 
stick to the resin in 2 M HNO3, it is possible to remove Sn from the resin even tiny amounts. 
The resin is conditioned by 12 mL of 6 M HCl+0.5%H2O2 (to oxidize remaining Sn
II 
and FeII in solution sample) before loading a sample containing Sn, Fe, and Na ions to the 
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resin. After loading sample onto anion resin in an acid matrix (6 M HCl+0.5%H2O2), Na is 
expected to percolate through the resin, while Fe and Sn stick to the resin. A ~0.5 mL 6 M 
HCl+0.5% H2O2 is added to the vial (used to contain sample), then swished it around a little 
bit, then pipetted that into the column. The purpose of this is to rinse any tiny bit of sample 
that sticks to the container into the column. The blank sample is loaded the same way. A 6 M 
HCl+0.5% H2O2 is slowly pipetted into each column and the dripping acid passing through 
the column is collected. To switch to 0.4 M HCl to make the Fe get off the resin and wash 
out, 0.4 M HCl is pipetted in tiny amounts initially so that the new acid replaces the old one 
slowly and smoothly and pushes it out of the column. Thus 0.5 mL of 0.4 M HCl is pipetted 
at a time, 4 times, until 2 mL of 0.4 M HCl has been added to each column. Four additional 
mL of 0.4 M HCl are then added to each column. The percolate from the Sn-Fe-Na column is 
collected and then the whole procedure is repeated until the yellowish coloring of the resin 
has completely dissapeared, indicative of a complete removal of Fe. To elute then the Sn, a 2 
M HNO3 is used. An initial 0.5 mL is used for a slow, smooth transition. After that, 2 M 
HNO3 are pipetted a little faster. This is continued until all Sn is removed from the resin. 
Figure 6.1 shows a preliminary result, where the color of the resin changes rapidly even after 
the first addition of 0.4 M HCl. For Na and Sn, since they do not change the color of the 
resin, to get the idea how much the acid solution would be needed for removing all Na and 
Sn, this work has kept constant the total volume of each acid solution to add (i.e., 28 mL of 6 
M HCl, 8 mL of 0.4 M HCl, 11 mL of 2M HNO3). Furthermore, the eluate of each time of 
addition has been separately collected.  
The next step is to treat samples for organics and to prepare for analysis. The 2 M 
HNO3 in the Sn-Fe-Na cuts has to be removed. For this, about 1 mL concentrated nitric acid 
is added to each sample, the samples are capped tightly and heated on a hot plate to 180-
200°C for a few hours to break down organic molecules that come from the resin. The caps 
are then opened to evaporate almost all of the nitric acid. Then 1 mL of 25-30% H2O2 is 
added, the vials closed tightly, and heated again at 180°C for several hours, followed by the 
evaporation step. Eventually, the Sn, Fe, and Na concentrations in these samples are analyzed 
by ICP-MS to check the efficiency of this ion exchange chromatography for Sn. In my 
preliminary experiment, ICP-MS analysis showed the rapid elution of Na and Fe from the 
resin by 6 M HCl and 0.4 M HCl, respectively (Fig. 6.2). In contrast, Sn elution by 2 M 
HNO3 is slow; 5 µg Sn could be completely removed from the resin by >11 ml of 2 M HNO3 
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(Fig. 6.2). This preliminary experiment demonstrated that Sn can be successfully separated 
from Fe and Na ions with this proposed procedure.  
To select the techniques for isotope fractionation, it is dependent on the %Sn recovery 
yield and how much the contamination in the elute cut. Two techniques considered are 
element spiking and double spiking; the latter technique does not need an extremely high 
%Sn recovery and high purity sample, while element-spiking technique need an extremely 
high %Sn recovery and high purity sample. 
 
 
Figure 6.1 Observation of the resin color before the first elution step and after each eluent 
was sequentially passed through. 
Figure 6.2 ICP-MS analysis of eluates obtained after 6 M HCl+0.5%H2O2, 0.4 M HCl, and 2 
M HNO3 were passed through the resin. The solution sample loaded through the column is 
the mixture of 5 µg Sn + 3,000 µg Fe + 10,000 µg Na. 
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- Since the charge distribution value based upon the Pauling concept is not always 
reliable, an alternative approach is necessary such like the Brown bond valence concept 
(Brown and Altermatt, 1985) being used to perform actual charge distribution. For the future 
work, it is important to predict the sorption behaviour of Sn by CD-MUSIC based on the 
actual charge distribution considered from structure optimized with molecular orbital 
calculations applying density functional theory (MO/DFT). 
 
3) SnII-sorbed mackinawite: 
- Due to the inherent metastability of mackinawite, Sn surface complexes on 
mackinawite may be less stable than that on magnetite and goethite. In the current study, 
however, the retention of Sn on mackinawite found at pH 9 is via a structural incorporation 
into a mixed FeII/FeIII hydroxide phase, most likely green rust (because of transformed 
mackinawite surface and the flocculation of dissolved Fe). This retention may be more stable 
than the sorption complex formed at lower pH, hence I think that the surface complexation of 
Sn on mackinawite at lower pH (< 9) is more complex than I thought and its complex may 
change with the reaction time. I, therefore, recommend for the future work to study the 
surface complexation of Sn at lower pH (< 9) as a function of time by using XAS.  
According to Coles et al. (2000), (Jeong et al., 2007), Gallegos et al. (2007), and Gallegos et 
al. (2008), the MeII/mackinawite molar ratio influences the retention mechanism. At an 
extremely low Sn/mackinawite molar ratio of about 0.001 used in this study, only the 
retention by surface sorption is indicated at low pH (<7). At higher molar ratio, retention 
behaviour of Sn at the surface of mackinawite is probably identical to Pb, Cd, and Zn (Coles 
et al., 2000) according to a log-log plot of the average thermodynamic distribution coefficient 
of metals and sulfide mineral solubilities (Fig. 1.6). To thoroughly understand retention 
mechanism of Sn by mackinawite as a function of SnII/mackinawite molar ratio, batch 
sorption experiments (the same procedure as described in this study) should be conducted at a 
wide range of surface loadings. Note, however, the detection limit of XAS spectroscopy, 
which is about 200 ppm according to our experience. 
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